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Editorial 


Season’s Greetings 


As THE YEAR ENDS, reminiscences and recapitulation give way to 
plans for the New Year. A few things stand out on the national scene. The Korean war 
has cast a long shadow over a world already fatigued by continuing shocks and struggles, 
described by some as the birth-pains of emerging internationalism. The New Year pro- 
vides no certain promise of change in this respect. However, whatever the world’s prob- 
lems, our plans must continue to recognize that solutions to these problems exist, and 
that it remains our obligation to find the answers and to contribute whatever effort is 
necessary in making the answers effective. 

On the brighter side, the National Science Foundation has actively gotten under way. 
Production figures over all the nation reached a new high, in which electrochemistry 
played a major role. Education on a higher level has reached more people. And not 
least, the publie conscience can still be aroused in defense of truth and good taste, as 
the television producers learned in launching their recent publicity. 

Our Society has also made progress. The rate of increase in membership has gone up 
35% over 1949; total membership shows a gain of 6%. With this issue of the new Jour- 
NAL, marking the third birthday, figures show that we are receiving 20% more technical 
papers than a year ago, and the papers are better. Attendance at national conventions 
has increased, programs have been interesting, and the technical sessions more stimulat- 
ing and better organized. Your officers have worked hard to build upon an improved 
foundation. 

Many years ago, a wise man counseled as follows: “‘When you choose a wife, character 
is the first and indispensable quality. Then a good mind in a sound body, congenial 
tastes, education, and social capacity. Wealth, if possible, but at any rate an under- 
standing of the importance of practical matters.’’ Choosing a technical society is not in 
quite the same category as choosing a wife, but if editorial license permits, one can say 
at least that The Electrochemical Society has acquirea all the “indispensable qualities”’ 
and continues a good choice. We cannot confess to wealth; in fact the very opposite is 
true, but a sense of the practical has governed every action from the increase in dues to 
modification of the Constitution. 


The Society’s outlook promises a Happy New Year—the same to all of you. 
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Potentiometric Titrations Involving Solutions of Metals 


in Liquid Ammonia’ 


Grorce W. Wart Joun B. Orro, 


Department of Chemistry, The University of Texas, Austin, Texas 


ABSTRACT 


A relatively simple apparatus for use in potentiometric titrations in which the titrat- 
ing reagents consist of solutions of alkali metals (or alkaline earth metals) in liquid am- 
monia at —38°C is described, together with complete procedural and operational details. 
The utility of these methods has been demonstrated in the study of the formation of 
polyanionic salts by reactions between polysulfides of sodium, potassium, rubidium, 
and cesium in liquid ammonia and liquid ammonia solutions of the corresponding metals. 


INTRODUCTION 


Nearly twenty years ago, Zintl and co-workers (1) 
described a method for carrying out potentiometric 
titrations involving solutions of metals in liquid 
ammonia. These workers also reported results ob- 
tained by titrating ammonia solutions of compounds 
of elements in Groups I to VI in the periodic table 
with ammonia solutions of sodium. Of particular 
interest in connection with the present investiga- 
tion is the fact that they reported evidence for 
the formation of salts of homopolyatomic anions 
(e.g., NaeS., where x = 1-6 inclusive) by the non- 
transitional elements of Groups IV to VI inclusive. 
Probably owing to the complexity of the equipment 
‘escribed by Zintl, et al., together with experimental 

ficulties inherent in the method, there appears 
v have been no subsequent application of this po- 
tentially very useful technique. 

The present investigation was undertaken with a 
view to developing simplified equipment and _ pro- 
cedures for such titrations. It was hoped thereby 
to make available a method which should be useful 
in the detection of intermediate oxidation states of 
the elements, in the study of the mechanism of the 
reduction of both inorganic and organic substances 
in liquid ammonia (2), in the study of acid-base 
reactions in ammonia, and numerous other applica- 
tions. A secondary objective was to clear up uncer- 
tainties in the work of Zintl, et al., particularly with 
reference to the existence of certain of the sodium 
polysulfides. 


EXPERIMENTAL 


All chemicals employed in this work were strictly 
anhydrous reagent grade materials which were an- 
alyzed by standard methods. All transfers were made 
in an anhydrous oxygen-free atmosphere. 

‘Manuscript received July 11, 1950. 

? Humble Oil and Refining Company Fellow, 1948-1949. 


? Present address: Mound Laboratory, Monsanto Chemi- 
cal Company, Miamisburg, Ohio. 


Titration Equipment 

The apparatus is shown diagrammatically and 
approximately to scale in Fig. 1. Several scales were 
used in this drawing because of space limitations. 
The cross-sectional view of the titrator* is approxi- 
mately } actual size; all tubing in the remainder of 
the drawing is about } size. The vertical dimensions 
of the unfolded view of the titrator are approximately 
% scale, and for all other parts, about 7; scale. Capil- 
lary tubes K1, K2, and K3 are 2-mm bore. 

The titrator is shown in Fig. 1 in both a semi- 
schematic unfolded view, and in a separate cross- 
sectional view in which the components are shown 
in the manner in which they are arranged with 
respect to the Dewar flask D, which is the housing 
for the essential parts of the titrator’. This flask 
(indicated by a dashed line in the unfolded view of 
the titrator) has the inside dimensions of about 
7 x 30 cm and is used to contain refrigerant liquid 
ammonia and serves as the cooling bath for the titra- 
tor. The flask is provided with a liquid ammonia 
inlet, a fritted glass gas dispersion tube for stirring 
the refrigerant with a stream of predried air, a low 
temperature thermometer, and a gas outlet. 

V is a calibrated container used to make up 
solutions of metals in liquid ammonia to known 
concentrations. This vessel is provided with a ground 
glass joint J1, through which the alkali metal sample 
is introduced after removal of cap C2, and a fritted 
glass gas dispersion cylinder F1, which serves to 
disperse the gas used to stir the solution and to 
filter the solution when it is transferred into buret 
B via Tl and K1. B is the titration buret from 
which metal solutions are added to the titration 
vessel R via T2 and K2. Vessel R, which contains 
a liquid ammonia solution of the substance being 
titrated, may be opened at J2 for the introduction 
of samples, and is provided with a fritted glass filter 
dise F2 which serves to disperse the gas used to 


‘T.e., the volumetric vessel V, buret B, and reaction 
vessel R. 
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stir the solution. Electrodes E; and E, are connected 
to the minus and plus terminals, respectively, of a 
Leeds & Northrup No. 7651 potentiometer; the 
voltage measurement circuit is wired in the conven- 
tional manner and includes a calibrated (U.S.N.B.S.) 
standard cell. 

Attached to the titrator are burets Pl and P2 
which are essentially pressure regulating devices by 
means of which metal solutions are transferred from 
V to B, and thence into R. 

Ammonia and nitrogen gas introduced into the 
system (at pressures indicated by manometer M) 
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is controlled in relation to the rate of bubbling 
through L, which contains mineral oil, and which 
serves not only to seal the exit gas system against 
back diffusion of air but also to equalize outlet pres- 
sures. A by-pass to S86 provides for evacuation with- 
out drawing the mineral oil back into the other 


parts of the system; trap N is simply an added | 


safeguard. 

Joint J3 provides for attachment of a small glass 
still used for purification of alkali metals by dis- 
tillation in vacuo and the filling of small glass am- 
poules (1) with the metal samples that are sub- 
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Fic. 1. Titrator and accessories 


pass through fritted glass dises F3 and F4, respec- 
tively, and are scrubbed through Q (which contains 
a liquid ammonia solution of potassium) in order 
to remove the last traces of oxygen. Scrubber Q 
consists of a straight tube bearing a side arm addi- 
tion bulb G for the introduction of solid potassium, 
and a gas dispersion cylinder F5; Q is cooled by 
means of liquid ammonia contained in a small Dewar 
flask which is provided with liquid ammonia inlet 
and gas outlet tubes. 

All gases leave the system via manifold H from 
which they are discharged, after passing through 
bubbler L, either directly into the atmosphere or 
after scrubbing through absorbers containing acid 
to remove ammonia. The rate of discharge of gas 


sequently introduced into V. J3 serves also as a 
point of attachment for a device (Fig. 2) used for 
filling the reference electrode compartment with an- 
hydrous ammonia gas. 

Certain other auxiliary equipment is not shown 
in Fig. 1. This includes a vacuum system which 
provides a means of evacuating the titrator and gas 
burets Pl and P2, the gas inlet and/or outlet sys- 
tem, and any other equipment attached at J3. At- 
tachment of the main body of the apparatus to the 
vacuum system is via S11 (to a McLeod gauge) and 
via 812 to an oil pump supplemented by a mercury 
vapor diffusion pump. Liquid ammonia used as a 
refrigerant in the Dewar flasks surrounding Q and 
R, B, and V is drawn from a commercial cylinder, 
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collected for temporary storage in an intermediate 
Dewar flask, and dispensed in the manner described 
by Johnson and Fernelius (3). 

The electrode system finally selected for use in 
the present work® consists of a clean platinum wire 
(E\) which is immersed in the solution being. ti- 
trated and a differential electrode (,) consisting 
of a modification of the type of electrode originally 
described by Muller (4) and shown in detail in 
Fig. 2a. For each titration the reference electrode 
compartment C is filled with a portion of the solu- 


an 


ER 


2 CM 7 5 CM 


J) 


(a) (b) 


Fic. 2. (a) Reference electrode, E,. (b) Device used for 
filling reference electrode with gaseous ammonia. 


tion to be titrated; this is done in the manner de- 
scribed below. 


Preparation of Apparatus for Titration 


Prior to the introduction of the reference electrode 
ki, into reaction vessel R of Fig. 1, the electrode 
compartment is filled with anhydrous ammonia gas 
as follows: E, is inserted into tube T at ground joint 
J as shown in Fig. 2b, and the assembled apparatus 
shown in Fig. 2b is attached at J3 of Fig. 1, evacu- 
ated to about 10°-° mm, baked with a heat lamp to 


5 The use of bimetallic electrode systems (e.g., Pt vs. 
90% Pt-10% Rh, and Pt vs. W) in preliminary experiments 
involving the titration of solutions of ammonium salts or 
alkali polysulfides with solutions of alkali metals gave 
results that were unreliable, as judged in terms of known 
end-points that could be detected visually with an error of 
the order of +0.5 per cent. 
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assist in degassing, and finally filled with anhydrous 
ammonia gas at a pressure of | atm via stopcock 
S. The electrode is maintained in this condition until 
needed for use in a titration, whereupon it is in- 
serted into R (Fig. 1) in the manner described 
under Procedure. Except for the ammonia gas re- 
tained in the apparatus beyond stopcock 8 in Fig. 
2b, that introduced into the system for the purpose 
of filling the electrode compartment is removed by 
means of a water aspirator via S9 of Fig. 1. 

Approximately 2 g of potassium cut into small 
pieces is introduced into G, after which G is at- 
tached to Q. 

With stopeocks S81, 82, 83, 84, and S5 in position 
1,2,3; S6 in position 1,3; 87 and S8 in position 1,2; 
S10, S11, S12, 813, and S14 in the open position; 
and 89, 815, and S16 in the closed position, the entire 
system is evacuated (with the oil pump only) to a 
pressure of about 0.05 mm. Next, with stopcocks 
S1, S82, 83, and S4 changed to position 1,3, and S7 
and 88 to the off position, the titrator, gas burets P1 
and P2, and the gas inlet side of the system are 
evacuated to about 0.01 mm. Stopeock 85 is then 
changed to the 1,2 position and nitrogen is admitted 
to the gas inlet system to a pressure of | atm. Mean- 
while, evacuation of the titrator and gas burets is 
continued by means of both the oil pump and the 
mercury vapor pump. At the same time, the titrator 
is baked with a heat lamp to facilitate drying. Stop- 
cocks S11 and S12 are closed and nitrogen is admitted 
through S5 to all parts of the system except the 
gas exit system. Thereupon, S10 is closed and nitro- 
gen is admitted to the gas exit system by putting 
S8 in position 1,2. This reduces the pressure in the 
titrator to less than atmospheric, but the pressure 
therein is brought back to atmospheric by adding 
more nitrogen through S85; S8 is then turned to the 
off position. 

In this manner, the apparatus is prepared for 
introduction of samples into V and R. Stopcock S85 
is placed in position 3,2; stopcock S8 is turned to 
position 1,2; and S6 is changed to position 1,2. 
While nitrogen is bubbled fairly rapidly through L, 
cap C2 is removed, 88 is turned to the off position, 
and in the shortest possible time the glass ampoule 
containing the alkali metal is lowered to the bottom 
of V by means of a wire slipped through a glass hook 
on the ampoule. The wire is quickly withdrawn 
and a crushing rod long enough to extend above J1 
is inserted into V. S88 is changed to position 1,3 and 
C2 is reattached at J1. C2 is then swept out with 
nitrogen for at least 5 min, after which S88 is turned 
to the off position and the flow of nitrogen is cut 
off. S5 is turned to position 1,2 and the titrator 
and burets Pl and P2 are evacuated with the oil 
pump to about 0.005 mm, after which nitrogen is 
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again let into the system through S85 to a pressure 
of 1 atm. 

By an identical sequence of operations, cap C3 
is removed and the substances needed to make up 
the solution to be titrated in R are introduced. In 
the present studies these consist of a known weight 
of sulfur and a known weight of the appropriate 
alkali metal iodide contained in a fragile glass am- 
poule. The alkali iodides, which are readily soluble 
in ammonia, are added to increase the conductivity 
of the solution in R. 

By the same procedure used in introducing the 
alkali metal into V, C2 is removed at J1, the bulb 
containing the alkali metal is quickly crushed, C2 
is replaced, and the system is again evacuated and 
subsequently filled with nitrogen as before. By a 
similar procedure the bulb in R is crushed, but the 
system is not thereafter evacuated because this dp- 
eration tends to carry finely divided solids up into 
S10, C3, and 87. With S5 in position 1,3 and SI in 
position 1,2, refrigerant ammonia is transferred to 
the Dewar flask surrounding Q. While this is being 
done, nitrogen is put through the remainder of the 
system at a rate such as to prevent drawing a vacuum 
when Q is cooled by the refrigerant. Some or all 
of the potassium is transferred from G to Q and 
ammonia is condensed in Q until it is approximately 
* full of potassium solution. The flow of ammonia 
is turned off, Sl is changed to position 1,3; S87 to 
position 1,2, and nitrogen is put through while re- 
frigerant ammonia is being brought into D. The 
refrigerant in D is stirred with dry air at a rate 
such that the temperature is lowered to about —36° 
C, and the nitrogen is replaced by ammonia which 
is condensed in R against the pressure head in L. 
After about 
ammonia is shut off, and nitrogen is bubbled through 


15 ml of ammonia are condensed, the 


the solution in R until the space above the solution 
is filled with nitrogen saturated with ammonia; the 
flow of nitrogen is then stopped. 

To condense ammonia in V, SS. is changed to 
position 3,2; 88 to-position 1,2; and S7 and S13 are 
closed so that the path of gas flow is through V via 
Fl. Ammonia is condensed in V to a point about 2 
em below the calibration mark X. Ammonia in the 
gas inlet stream is replaced by nitrogen which car- 
ries with it (from Q) enough residual ammonia to 
bring the volume up to X. This is an extremely 
delicate operation which requires adjustment of the 
temperature of D to the working temperature of 
—38° C, while at the same time manipulating the 
temperature of Q and the rate of gas flow so that 
the final solution in V fills it to, and only to, the 
calibration mark X when the gas stream is shut off 
and the metal solution rises in K1. In approaching 
completion of the condensation, trial readings are 
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taken by opening 813; this allows solution to flow 
back into K1, with a meniscus at X. The total 
volume in V can be determined if the level of solu- 
tion in KI is within the range of the calibration 
marks on B, in terms of which K1 is ealibrated®. 

The only additional operations necessary in prep- 
aration for the titration consist of filling gas burets 
Pl and P2 with nitrogen saturated with ammonia. 
This is done by changing S54 to position 3,2, closing 
S8, and opening S813 which allows the ammonia- 
free nitrogen in P2 to be replaced by nitrogen which 
becomes saturated with ammonia in its passage 
through Q. S83 is changed to position 1,2 and S4 is 
returned to position 1,3. A vacuum is pulled on P1 
via S15 (with S14 closed) by means of a water 
aspirator in order to lower the level of the mercury 
in Pl below the level of the tip which enters Pl 
near the bottom by way of a ring seal. Then 815 is 
closed and the aspirator turned off. S83 is then turned 
to position 3,2, whereupon the ammonia-free nitro- 
gen in PI is replaced by nitrogen saturated with 
ammonia. 83 is returned to position 1,2; air is ad- 
mitted through S14 until the level of the mercury 
in the right hand member of P1 is approximately 15 
cm above the level in the left hand member’. Upon 
completion of these operations, 88 is turned to posi- 
tion 1,2; 83 is returned to position 1,3; and the 
flow of nitrogen is stopped; 85 is then moved to 
position 3,1 and S7 is placed in position 1,2. This 
permits the solution in R to be stirred by the ni- 
trogen admitted via Sl. At this stage the stopcock 
arrangement is as follows: 81, 82, 83, S4, and S5 in 
position 1,3; 86, 87, and S8 in position 1,2; 813 in 
the open position; and 89, S10, SIL, S12, S14, S15, 
and S16 in the closed position, and the system is in 
condition for the actual titration. 


Titration Procedure 


The procedure given below is for the titration of 
a liquid ammonia solution of an alkali metal poly- 
sulfide, M.S,, with an ammonia solution of the cor- 
responding alkali metal, M. This necessarily requires 
the in situ preparation of the polysulfide. 

About one third of the metal solution in V is 
transferred to B for accurate measurement by plac- 
ing S83 in position 1,2 (which allows gas in B to 
escape when it is displaced by solution), closing S88 
and $13 and opening S16 slowly so as to admit 
mercury from the leveling bulb into P2 which com- 
presses the gas therein and hence above the metal 

6 F1 does not fill with metal solution; hence, the true 
volume of solution in V is obtained by subtracting the 
volume of Fl from the volume of V read from a calibration 
curve in which the volume in V is plotted as ordinate against 
the buret reading express in milliliters. 

7 This condition is necessary to obviate too rapid transfer 
of metal solution from B to R. 
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solution in V. Metal solution flows from V through 
Tl via K1 into B. Flow is stopped by closing 516 
and the pressure between B and V is equalized by 
opening $8 first, and then S813 which allows the 
solution in K1 to drop to a level equal to that in V; 
$3 is then returned to position 1,3. 

The alkali polysulfide is next prepared by trans- 
ferring from B to R a quantity of metal solution 
sufficient to give a composition M.S, where x > 6. 
This is done by closing S88 and 813 and cautiously 
opening $14 which allows air to enter the right 
hand member of P1 through O*8 and compresses the 
gas in the left member of Pl and hence above the 
solution in B and causes it to flow up K2 to T2, 
where the flow is stopped abruptly by closing S14. 
(If any drops fall from T2, which is drop-calibrated, 
they are counted, recorded, and subsequently added 
to the volume of metal solution added to R.) The 
reading of buret B is then taken with the solution 
in K2 just at the opening of tip T2. S14 is again 
‘autiously opened and the desired quantity of metal 
solution is delivered into R. S14 is closed and the 
buret is again read with the solution in K2 at tip 
T2 as before. The pressure between R and B is 
equalized by opening 88 first, then 813, which allows 
the solution in K2 to drop from T2 to a level equal 
to that in B. The flow of nitrogen used to stir the 
solution in R is not interrupted during either of 
these transfer operations. 

The polysulfides form very slowly and, on the 
scale of operation used in the present work, complete 
dissolution of the sulfur required as much as 12 hr. 
All of the alkali polysulfide solutions are red in color 
and appear to be perfectly homogeneous. 

Upon completion of the interaction of alkali metal 
and sulfur, reference electrode E, is introduced by 
first turning off the nitrogen stream used to stir the 
contents of R, placing 88 in position 1,3, and then 
turning S7 to position 1,3 and removing the plug 
from J4 of Fig. 1. FE, is quickly transferred from J 
(Fig. 2b) to J4 (Fig. 1), whereupon the condensation 
of the gaseous ammonia in compartment C (Fig. 
2a) of electrode E, causes this compartment to be- 
come filled with polysulfide solution from R via 
‘apillary K. S7 and S8 are returned to position 1,2 
and the stirring of the contents of R by nitrogen 
gas is resumed. 

The titration is conducted in conventional manner 
by transferring small portions of alkali metal solu- 
tion from B to R by the procedure already described, 
and measuring the potential after each addition. In 
this work, very small portions (usually around 0.3 


8 O is a short section of rubber tubing inside of which is 
a wire and which is nearly closed by a pinch clamp whereby 
the rate of air flowing through the rubber tubing and hence 
through S14 is controlled. 
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ml) were added and every precaution was taken to 
insure the re-establishment of equilibrium before 
potentiometer readings were recorded. In some cases 
this required only a few minutes; in others, as much 
as one hour was required for constant potentiometer 
readings after each addition of alkali metal solu- 
tion. 


Experimental Results 
All potentiometric titrations reported in this paper 
were carried out at —38° + 0.5°C. Alkali polysulfides 
having compositions within the range M.S, to MoS¢ 
(where M = Na, K, Rb, or Cs) were prepared in 
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Fig. 3. Titration of sodium polysulfide with sodium 


situ in the presence of the corresponding alkali iodides 
and titrated with standard solutions of the corre- 
sponding alkali metals. A feature common to all 
of these titrations was an initial rise in potential 
amounting to approximately 100 mv; this was ob- 
served regardless of the initial composition of the 
solution titrated. In all cases the formation of a 
precipitate was observed just past the M.S, inflection 
point. The time required for the actual potentio- 
metric titrations ranged from 25 to 40 hours. 
Essential data relative to typical experiments are 
given in Table I; the actual titration data are shown 
graphically in Fig. 3 to 7, inclusive. Fig. 5 represents 
a case that differs from the others in that it involves 
the titration of potassium polysulfide with potassium 
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Fig.4. Titration of potassium polysulfide with potassium 


(in the presence of potassium iodide). 
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Fic. 5. Titration of potassium polysulfide with 
tassium (in the presence of sodium iodide). 


in the presence of sodium iodide. In Table I, the 
inflection points and the change in potential, AV, 
were obtained graphically from the titration curves 
shown in Fig. 3 to 7. 
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Fig. 6. Titration of rubidium polysulfide with rubidium 
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Fig. 7. Titration of cesium polysulfide with cesium 


DISCUSSION 
The data represented by Fig. 3 show clearly the 
formation of the compounds NaS, and Nas. On 
the basis of his studies of reactions carried out at 


—33° C ina manner just the reverse of the procedure 
employed in the present work (i.e., addition of sulfur 
to ammonia solutions of sodium to form Na.sS, fol- 
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lowed by further additions of sulfur), Bergstrom (5) 
reported the formation of NaoS, NasS., and NaS,, 
but indicated that considerable difficulty was en- 
countered in detecting end-points. The fact that the 
present work provided no evidence whatever for the 
formation of Na.So, together with a careful inspection 
of Bergstrom’s published data, suggests that the 
composition attributed to NaS. may have been a 
mixture of and NasS;. Through the use of 
methods quite similar to those employed in the pres- 
ent investigation, but involving titrations at —60°C, 
Zintl and co-workers (1) found evidence for the for- 
mation of NaoSs, NaoSs, NaoSy, NaoSs, NaoS., and 
Nas. However, only the inflection points corre- 


SOLUTIONS OF METALS IN LIQUID AMMONIA 7 


that is the precursor of NaS, together and in equilib- 
rium with sulfur in solution in liquid ammonia. It is 
well known that sulfur exhibits appreciable solu- 
bility in ammonia and that it reacts at least to a 
limited extent to form “derivatives of ammonium 
sulfide and sulfur nitride” (7). At least on a qualita- 
tive basis, the results of the present work are con- 
sistent with the view that the initial 100-mv change 
may be attributable to the conversion of dissolved 
excess sulfur or the products of its interaction with 
the solvent to that species which is the precursor of 
NaeSy. Finally, it should be recognized that Hugot 
(8) has reported the formation of Na.S; by the direct 
interaction of sodium and sulfur in liquid ammonia; 


Table I. Data relative to the potentiometric titration of alkali polysulfides with alkali metals in liquid ammonia at —38°C 


Soln. titrated* Inflection point | Sulfur/metal 
Fig. No. Normality of metal soln. } 
Sulfide” | MI, mg Metal soln., ml \Approx. AV, mv| Cogpennd | Caled. Found 
| | — 
3 100.6 0.0534 92 | 440 Nas, | 2.0 2.1 
38.9 1620 Nas | 0.50 0.50 
| 
a | KSu 0.0516 10.0 355 KS 2.0 1.9 
20.0 | 455 K.S, 1.0 0.95 
| 39.2 | | (0.50 0.49 
| | 
5 | K.Ss 100. 5° (0.0443 9.2 440 KS, | 2.0 2.1 
| 28.5 550 | 0.67 0.67 
39.6 959 0.50 0.49 
6 | RbeSi 142.6 0.0663 10.0 340 RbS, 2.0 1.9 
19.8 640 Rb.S, 1.0 0.95 
7 Cs.8. 173.2 0.0410 9.7 255 Cs.8, 2.0 2.0 
21.8 870 Cs.8, 


® The approximate volume of each initial sulfide solution was 45 ml. 


b Approximate composition assuming complete interaction of sulfur and metal (see Discusston). 


© Sodium iodide. 
4 Where M = K and/or Na. 


sponding to NaoSs, Nady, and NaS were repro- 
ducible, and this fact was clearly brought out by 
Zintl, ct al., but has apparently been overlooked by 
others (6). Since the present work confirms the for- 
mation of NasS;and NaS, there remains the question 
relative to NaS», and the broader question of the 
existence 
Naess. 
It has already been pointed out that, in the present 
work, each titration showed an initial rise in po- 
tential amounting to approximately 100 mv regard- 
less of the initial composition. In most of their titra- 
tions, Zintl and co-workers used initial polysulfide 
compositions approximating NaoSs; hence it is not 
surprising that their first observed change in po- 
tential was erroneously attributed to this particular 
species. It is our opinion that the initial polysulfide 
solutions of high sulfur content consist of a species 


in ammonia— of polysulfides of the type 


however, Bergstrom (5) attributes this result to fail- 
ure to attain equilibrium. 

The data shown in Fig. 4 are entirely in agreement 
with results obtained earlier by Bergstrom (5) and 
show unequivocally the formation of and 
K.S. The slight increase in potential which occurs 
after addition of approximately 30 ml of potassium 
solution does not correspond to any reasonable com- 
position. It is of particular interest to observe, by 
comparison of Fig. 4 and 5, that different results are 
obtained when sodium iodide is substituted for po- 
tassium iodide in the titration of potassium poly- 
sulfide with potassium. In the presence of sodium 
iodide, there is no end-point corresponding to K.S, 
but there is formed a compound corresponding to 
the formula M,S,. This result, as well as the absence 
of K.S., could well arise because of altered solubility 
relationships owing to the presence of sodium ion. 
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The formation of mixed alkali metal salts in liquid 
ammonia has been reported previously (9), and it 
seems likely that the compound M6, is of this type. 

As shown in Fig. 6 and 7, both rubidium and 
cesium polysulfides are converted successively to the 
tetrasulfides and disulfides when titrated with solu- 
tions of the corresponding metals. It proved im- 
practical to continue these titrations to the mono- 
sulfide end-points because the dense yellow crystals 
of the apparently quite insoluble disulfides reacted 
so slowly with metal solutions that several hours 
were required for completion of the reaction with 1- 
ml portions. Klemm and co-workers (10) have pre- 
pared the monosulfides of rubidium and cesium by the 
direct interaction of the elements in liquid ammonia. 


SUMMARY 

Relatively simple apparatus and procedures for 
carrying out potentiometric titrations in liquid am- 
monia have been developed and described in detail. 
The utility of these methods has been demonstrated 
in studies involving the titration of liquid ammonia 
solutions of alkali polysulfides with liquid ammonia 
solutions of alkali metals. 

It has been shown that polysulfides of sodium, po- 


January 1951 


tassium, rubidium, and cesium react with solutions 
of the corresponding metals to form salts of the type 
M.S; in all cases, M.S» in the cases of potassium, 
rubidium, and cesium, and M.S in the cases of sodium 
and potassium. No evidence for the existence of 
several sulfides of sodium previously reported as 
products of similar reactions could be obtained. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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The Structure of Metal Deposits Obtained by Electro- 


chemical Displacement upon Zine' 


M. E. SrrauManis AND C. C. FANG 


Department of Metallurgy, University of Missouri School of Mines and Metallurgy, 
Rolla, Missouri 


ABSTRACT 


An attempt is made to identify the composition and the structure of nonadherent im- 
mersion deposits of noble metals on zinc. For this purpose Cu, Au, Ni, and Ag deposits, 
obtained by electrochemical displacement from their salt solutions in 1N sulfuric acid, 
were examined by x-rays. All of them contained redeposited Zn. Cu deposits contained 
approximately 9 to 13 atom per cent in solid solution, and Ni deposits contained 17 to 20 
per cent in solid solution; Au deposits large amounts and Ag deposits below 0.5 atom per 
cent. The grain size of the deposits was very small because their growth was hampered 
by codeposited Zn. During the displacement of Ag, zine deposited mostly as a very thin 
layer on the surface of the grains. The other three metals absorbed Zn readily, forming 
a-phases. The displacement of the noble metal occurs because of the activity of the local 
cells; Zn acts as anode and the noble metal forms very small cathodes. The redeposition 
of Zn on these cathodes is possible because it is deposited in form of a solid solution, the 


free energy of which is reduced. 


INTRODUCTION 


Highest purity zine dissolves very slowly in dilute 
acids (1N to 4N hydrochloric or sulfuric acid) (1). On 
adding to the solution a small amount of a salt from 
which a metal with low overvoltage can be displaced 
upon the zinc, the rate of dissolution is increased 
greatly (2). Not all metals more noble than Zn in- 
crease its dissolution rate in the same order as their 
hydrogen overvoltages decrease (3). Among the ex- 
ceptions are Cu, Au, and especially Ag. A large in- 
crease in the rate of dissolution of Zn might be ex- 
pected for Ag since it has a low overvoltage. However, 
this is not realized. It was suspected that the small 
effect of the dark deposits of Ag (also of Cu and Au) 
thus formed on Zn (4) might be caused by copre- 
cipitated Zn which exhibited a high overvoltage. In- 
deed, Mylius and Fromm could show that Ag and 
Cu displaced from neutral solutions on Zn contained 
up to 50 per cent of Zn (5). 

The intention of the present paper is to prove that 
even in acid solutions the deposits of Cu, Au, Ni, and 
Ag contain Zn and that, therefore, the assumption of 
a high overvoltage on these deposits is justified. 
Further, the structure of the deposits and their grain 
growth are discussed in connection with the x-ray 
photographs obtained. 


1 Manuscript received June 7, 1950. Based on a thesis 
submitted by C. C. Fang in partial fulfillment of the require- 
ments for the Master’s degree to the Graduate School, 
School of Mines and Metallurgy, The University of Mis- 
souri. This paper prepared for delivery before the Washing- 
ton Meeting, April 8 to 11, 1951. 


The question of the structure of the deposits pro- 
duced by electrochemical displacement is now of 
some importance, as propositions have been made to 
cover metals with more noble ones using this process 
[Fe with Ni (6, 7) Al with Zn, Cd, Sn (8)]. No refer- 
ences concerning x-ray investigation of such metallic 
deposits could be found in the literature. 


EXPERIMENTAL PROCEDURE 


The following operations were used in all tests to 
obtain the deposits, separate them from Zn, and to 
prepare them for the further investigation: 

(1) A piece of C.P. Zn rod was treated for 15 to 
30 seconds in 1.42 sp gr nitric acid to remove all 
sharp edges; it was then washed in distilled water 
and introduced into a test tube containing 3 ml of 
2N sulfuric acid; 3 ml of a 0.1. salt solution of the 
metal in question were added to this giving a 1N 
acid solution. 

(2) After the deposit had formed in an amount 
sufficient for further experiment (in 5 to 30 min- 
utes), the tube was shaken to separate the deposit 
from the Zn. The solution was then quickly poured 
off and the precipitate washed in distilled water. 
Removal of the acid prevented the dissolution of 
Zn which otherwise might be distributed in the 
deposit of the nobler metal. Several decantations 
of the deposit with distilled water and tests for 
SO,;-~ (with BaCl.) followed to assure that the 
deposits did not contain soluble substances, e.g. 
ZnSO,. 

(3) Finally, the wet Ag deposits were washed 


| 
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with aleohol and dried at room temperature, while 

the others were dried by gentle heating at approxi- 

mately 50°C. 

To study each deposit, the sample was divided 
into three parts: 

(a) An x-ray photograph of the dark, dry deposit 

was made. 

(b) One part of the precipitate was treated for a 
prolonged time with acid and the residue was 
analysed by x-rays. The presence of Zn** in the 
acid solution after this treatment 
firmed. 

To determine quantitatively the amount of 
Zn present, the deposit was put into a narrow- 
necked quartz tube which was evacuated, 
sealed, and heated to 800°-900°C to homogen- 
ize the powder. As no reducing agents were 
present in the powder (the filtration of the de- 
posits was also omitted in order not to con- 
taminate them with filter paper fibers), reduc- 
tion processes could not occur during annealing. 
If a trace of ZnSO, were still present it would 
be converted into ZnO and SO; which would 
not be reduced by the noble deposit. Thus, any 
Zn present would have had to come by co- 
deposition. The homogenized powders were 


Was con- 


(¢ 


used to obtain x-ray patterns. The films were 
measured and the lattice constants computed. 
From these data it was possible to determine 
the total Zn content of the deposits. The 
method is sufficiently precise (9) so that there 
was no need for quantitative chemical analyses, 
for which the amount available was too small. 
The photographs for comparison and for de- 
termination of the lattice parameters were 
made by the asymmetric method (10). A minus 
100-mesh ; 
with Cello-Seal? to a practically nonabsorbing 
Li-B-glass hair of 0.08—-0.12 mm diameter. The 
powder mount had a diameter of about 0.18 
mm. For such a tiny sample, the corrections 


mple of the powder was attached 


due to absorption by the specimen were re- 
duced to a minimum, using the last lines in the 
back-reflection region for the parameter calcu- 
lations. Therefore, no absorption corrections 
were applied (11). 
All metals and chemicals used were of highest 
purity available. 


EXPERIMENTAL RESULTS 


Displacement of copper. Using a 0.1. CuSO, solu- 
tion a dark red, spongy deposit appeared on the Zn. 
When washed, dried, and examined under the micro- 


scope, the deposit was still dark red with some par- 


? Fisher Scientifie Company, Pittsburgh, Pennsylvania. 
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If the 
powder was rubbed or ground the color of brass was 
unmistakable. 

The precipitate that peeled off the Zn piece during 
deposition gradually became copper-red in the acid 
solution and, simultaneously, a slight evolution of 
gas (hydrogen) could be observed on the surface of 
the precipitate. The same was true when the dry 
powder was treated with hydrochloric acid. Zn was 
identified in the solution by qualitative analysis (12). 

The x-ray patterns of the dark Cu deposits dif- 
fered from that of pure Cu (Fig. la) and were not the 
same in all experiments. The last lines, (331) and 
(420), were broad, faint, and considerably shifted 
from their old positions, especially when ZnSO, was 


ticles of faint red and yellow brass color. 


added to the solution, indicating very fine grain size 
and lattice expansion. 

The dark Cu deposit treated with cold 2N sulfuric 
acid gave an x-ray pattern of broad lines of nearly 
the same lattice parameter as pure Cu, but the inner 
edges of the last lines were sharper (Fig. Ic), indicat- 
ing that part of the Zn was already dissolved. When 
the deposits were boiled in 2N sulfuric acid or treated 
with the cold acid for several days, the lines appeared 
normal again except that they remained broad. 

The dark deposits, when heated in vacuum, turned 
yellow. The copper lattice simultaneously expanded 
still more in most cases because of the dissolution of 
particles rich in Zn, which had formed on separate 
points of the deposits and which were not always 
indicated by the x-ray patterns. The lines became 
sharper, due to increase in grain size and to more even 
distribution of Zn throughout the deposit. The Zn 
diffusion process, therefore, was completed at ele- 
vated temperatures, a-brass was formed, and an in- 
crease in the Zn content was observed after heating 
(Fig. 1d). In Table I are shown the lattice constants 
obtained with different Cu deposits and the computed 
Zn content using previously published a-brass x-ray 
data (14). The accuracy of determination for the 
‘ase of sharp lines was +0.0008 kX (Fig. la and d), 
and for the case of broad lines it was only +0.002 kX. 
Nevertheless, the picture and the tabulated data 
show unmistakably the expansion of the lattice, 
caused by the dissolution of appreciable amounts of 
metallic Zn in the deposited Cu. 

Displacement of gold and nickel.-For the displace- 
ment of gold by zinc, a HAuCl, solution was used. 
The reaction proceeded rapidly. The x-ray pictures 
showed that the grain size of the Au deposits was 
very small (10°-° to 10-* em) and that they contained 
Zn in solid solution (contraction of the Au lattice) 
(15). If annealed, a new phase was formed beyond 
the a-region of the solid solution Au-Zn, indicating 
that large amounts of Zn were absorbed by the gold 
deposit. 
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The Zn from the dark deposits could be removed 
quickly only by boiling in nitric acid. Sulfuric acid 
acted very slowly. No recrystallization of the deposit 
took place at room temperature. 

The process of the displacement of Au on Zn pro- 
ceeds, therefore, in the same manner as in the case 
of Cu. 


STRUCTURE OF METAL DEPOSITS 11 


However, the lattice constant was the same as that 
of pure silver. The dark deposits turned white after 
annealing in vacuum. The x-ray pictures of the 
white deposits were sharp and the lattice constants 
nearly the same as for pure Ag. The black silver 
deposit contained small quantities of Zn since: (a) 
in sulfuric acid the deposit evolved small amounts 


/ 
+ | j (a) 
| \ / 
\ 


A (b) 


(c) 


(d) 


Fig. 1. X-ray patterns of Cu deposits obtained by electrochemical displacement on Zn. (a) pure Cu, (b) dark red Cu de- 
posit (@-brass), (¢) dark deposit treated with sulfurie acid, (d) dark deposit annealed in vacuum to 800°-900°C (a-brass). 


The same is true concerning Ni deposits. The 
grayish black deposit of Ni on Zn, obtained from a 
NiSO, solution, could be separated from Zn only 
with difficulty, and it showed an x-ray pattern with- 
out back reflection lines. Even the front reflections 
were broad indicating a very small grain size (approx- 
imately 10-° em). The deposit could be dissolved en- 
tirely in cold 2N sulfuric acid in 10 minutes. An- 
nealed in vacuum, a new phase was formed, showing 
the presence of large amounts of Zn in the deposit 
(approximately 17-20 atom per cent). 

Displacement of silver. —The formation of the silver 
deposit using 0.1.17 AgNQOs differs in some respects 
from the previous three cases. The deposit on the Zn 
grew to a velvety black sponge and occasionally 
black sponge particles were detached from the Zn 
surface by hydrogen bubbles. These particles changed 
color from black to white. This same effect 
achieved by tr “ating the sponge with 2 sulfuric 
acid solution, which action was accompanied by 
slight liberation of hydrogen. A much darker sponge 
resulted if ZnSO, was initially added to the solution. 
In the dry state the deposit aggregates to particles, 
the outside of which are darker than the inside. 

The x-ray picture of the black silver deposit 
showed the pure silver pattern but with broad lines. 
The grain size of such silver is, therefore, very small. 


Was 


TABLE I. Lattice constants and composition of different 
copper deposits 


Cu-radiation; the line 420 was used for the measurements. 
Room temperature. 


Annealing 
Temp Time Zinc 
hr 

Pure 3.6075 — 
Dark red 3.629* 10 
Dark red 3.625* 9 
Dark red — red** - 3. 608* 
Dark redt 3.635* 13 
Dark red — yellow 788 1 3.6490 19.2 
Dark red — yellow 900 3 3.6536 21.4 


* Rough measurements of marked points. 
** Treated with H.SO,. 
t Deposited in the presence of 2/7 ZnSO, solution. 


of hydrogen and turned white (the x-ray pictures 
showed that the deposit had recrystallized); (b) the 
presence of was detected in the solution! just 
mentioned (12) but not in blank tests; (¢) darker de- 
posits were obtained when the deposition occurred 
from sulfuric acid solutions containing ZnSO, origi- 
nally. The process of Ag deposition was very similar 
to that of Cu deposition, except that zine did not dif- 
fuse into silver at room temperature. The amount of 


pf 

| 

‘ 
| 
| 

i ; 

3 

| 

| 
| | 

| 


12 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Zn present in the Ag deposit, therefore, must be small, 
below 0.5 atom per cent, corresponding to the error 
limit of determination (+0.0008 kX for the sharp 
lines of the heated deposits) (13). 


DISCUSSION 

There are at least two possible explanations for the 
presence of Zn in the noble metals: 

(1) The metallic Zn could be present in the de- 
posit as fragments or as very small particles which 
were undermined and then separated from the 
original metal by the dissolution process. 

(2) Zn could be redeposited in form of a solid 
solution together with the nobler metal by the 
emf of Zn itself. 

If Zn particles were left in the deposits mechani- 
cally, the x-ray patterns of the unheated deposits 
would have shown separate Zn lines, unevenly black- 
ened (because the quantity of the separated grains 
could not be large). Such lines could not be observed. 
The only Zn lines, sometimes present on a film, were 
faint and very uniform, indicating that the particle 
size of Zn was very small. Even if small, discrete 
zine particles were present, the formation of a Zn-Cu 
solid solution would require a different explanation 
because even colloidal Zn in contact with solid Cu 
would not dissolve at room temperature. Since the 
presence of solid solutions was proved in all Cu-, Au-, 
or Ni-deposits by the x-ray, the second mechanism 
seems more probable. 


The Displacement Process 

In order to understand the Zn_ redeposition 
achieved by the emf of Zn itself, the electrochemical 
displacement upon Zn must be considered first. 

According to observations, the precipitation of the 
nobler metal starts on discrete points of the Zn sur- 
face, where there are evidently some discontinuities. 
If the first nuclei, consisting of the nobler metal, are 
formed, the precipitation then continues from these 
nuclei as starting points, because this growth re- 
quires less energy than the formation of new nuclei 
(16,17). A Cu particle grows simply by cathodic 
deposition. Zn acts as anode and after the deposit 
forms, it acts cathodically. The electrolyte contains 
not only sulfuric acid and sulfates, chlorides, or ni- 
trates of the nobler metals but also Zn ion, especially 
in the limiting layer. A current is supplied by Zn that 
goes into solution and at a potential limited by that 
of Zn in 1N sulfuric acid (ca.—0.71 volts) (19). The 
electrons flow from the Zn piece into the Cu deposit. 
The potential of the cathode (Cu deposit) (18), €., is 
given by the equation: 


(1) 
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where ¢, is the anode potential, 7 the current in the 
particle of the noble metal, r its resistance, which can 
vary considerably in the different parts of the par- 
ticle, causing different rates of deposition (see Fig. 
2), and y the polarization due to the hydrogen dis- 
charge on the surface of the particle. This potential is 


Fic. 2. Cu displaced upon Zn. The tiny Cu particle on 
the Zn surface acts as cathode; Cu**, H*, and finally a mix- 
ture of Cu** and Zn** are discharged on it. In the latter 
case a solid solution is formed. 


Cu 
+ 
X% 
a 
< 
z 
a 
— 0.71 Es 


Fic. 3. Potential of a Cu-Zn solid solution versus per 
cent Zn. ea—dissolution potential of Zn (—0.71 volt), 
€-—potential of the Cu cathode (eq I), ¢,—potential re- 
quired for desposition of a solid solution containing z 
per cent Zn. 


quite insufficient to deposit Zn from the same solu- 
tion, if the nature of the cathode is not considered. 
It is well known that zine forms solid solutions 
with copper and the reversible potential of a solid 
solution generally lies between those of the pure con- 
stituents (20, 22). Tammann (21) gives a formula for 
the potential of a solid solution, provided that it is in 
equilibrium with its ions and the diffusion in the solid 
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is rapid (25), as schematically represented by Fig. 3, 
showing the anodic and cathodic potentials of a local 
cell during the formation of a solid solution (contain- 
ing Zn) by electrochemical displacement. The curve 
shows that the deposition potential of the solid solu- 
tion ¢€, is less anodic than that of the anode (Zn) and, 
therefore, Zn in solid solution can be deposited by 
the emf of Zn itself. The same relates also to the Au 
and Ni deposits (23, 24). 

The codeposition of Zn hampers the growth of the 
deposits and, as a result, a very fine-grained deposit 
is obtained (17). 

If the components do not form solid solutions, as 
is the case in the displacement of Pb**+ or Cd**+ by 
Zn, the deposits are pure and coarse crystalline, be- 
cause the cathodic crystallization process is not dis- 
turbed by the discharge of Zntt. 

The process of Ag displacement is somewhat differ- 
ent. Although Ag forms solid solutions with Zn, only 
small amounts of Zn could be found in the deposits. 
It is believed that the low Zn content may be ex- 
plained by the low rate of diffusion of Zn into Ag 
at room temperature and by the simultaneous action 
of the acid. The whole deposit consists, therefore, of 
tiny Ag particles (diameter approximately 10~° em) 
covered with a very thin Zn layer, not detectable by 
x-rays. The deposit has a black appearance because 
of the fine grain size. The deposit is fairly stable if it 
is in contact with Zn. If some black particles sepa- 
rate, the Zn on these particles dissolves quickly in the 
acid solution because the Ag acts as a large local 
‘athode (contrary to the behavior of Cu- or Au- 
deposits under the same conditions). The silver grains 
grow even at room temperature and turn white (re- 
crystallization, sharp x-ray pattern). In neutral solu- 
tions, such a dissolution is impossible and the Ag 
deposits show a high Zn content as already observed 
by Mylius and Fromm (5). 

Since the noble metal deposits contain Zn in solid 
solution, and the Ag deposit has Zn on its surface, 
the hydrogen overvoltage of the deposits must be 
high. This confirms the assumption made earlier and 
explains the low activity of the deposits with respect 
to the dissolution of solid Zn in acids. 
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The Effect of Acoustical Radiations on the Hydrogen 
Electrode’ 


ERNEST YEAGER AND Frank Hovorka 


Department of Chemistry, Western Reserve University, Cleveland, Ohio 


ABSTRACT 


Mathematical consideration is given to the production of alternating components in 
the electrode potential of a hydrogen electrode in an acoustical field. The effeet is dis- 
cussed in terms of (a) a low-frequency region in which the instantaneous conditions are 


characterized as reversible and (6) a higher-frequency region in which relaxation phe- 
nomena result: because of the lack of instantaneous equilibrium conditions. While the 
former case involves the use of thermodynamics, the latter requires a kinetic treatment. 


An attempt is made to relate the reaction constants for the processes at both the revers- 


ible and polarized hydrogen electrodes to the phase angle and amplitude of the effect 
throughout a range of frequencies. The effect at high frequencies may provide an inter- 
esting test for theories of rate processes at gaseous electrodes. 


On several occasions (1, 2), gas electrodes, par- 
ticularly hydrogen electrodes, have been reported 
to be sensitive to acoustical radiations both at audio 
frequencies (1) and ultrasonic frequencies (2) in 
terms of an alternating component in the electrode 
potential. Inasmuch as the electrode potential of a 
gas electrode is a function of pressure and tempera- 
ture, such an effect is not surprising. Limited theo- 
retical speculation as to the nature of the effect 
has been presented by L. V. Nikitin (3) on the basis 
of electrokinetic phenomena and Frumkin’s slow- 
discharge theory of hydrogen overvoltage (4) and 
by the authors (5) in terms of thermodynamics. 
Although the latter mode of calculation may be 
reasonable for the reversible hydrogen electrode at 
low frequencies, it is doubtful that, at even audio 
frequencies, instantaneous conditions at the electrode 
can be deseribed as reversible or equilibrium; hence, 
the effect might be smaller than the value predicted 
on the basis of thermodynamics. 

In the present paper the effect of acoustical radia- 
tions will be considered for the special case (Part I) 
of the reversible hydrogen electrode at low  fre- 
quencies and for the general case (Part II) of the 
hydrogen electrode, either reversible or polarized, 
over a wide range of frequencies. The latter case 
involves a knowledge of the rate processes at a 
hydrogen electrode, and hence, should be of in- 
terest to the overvoltage theorist. The mathematical 


' Manuscript received May 19, 1950. This paper prepared 
for delivery before the Cleveland Meeting, April 19 to 22 
1950. 

2? This paper has been prepared in conjunction with an 
Office of Naval Research contract, on the application of 
ultrasonics to electrochemistry, at Western Reserve Uni 
versity (Contract No. N7 onr 47002, Project No. NR O5I 
162). 


treatment of neither case can be considered as final 
inasmuch as the physical nature of the hydrogen 
electrode is rather obscure. 

I. The Reversipte HyproGen ELecrrope at 

Low FREQUENCIES 

Consider a concentration cell consisting of two 
reversible hydrogen electrodes (platinized platinum) 
with only one electrode in an acoustical field: 
(Pt-Pt) H, | Ht | 
0 0 0 v0 0 


H+ |  (Pt-Pt) 


P, T; 


(reference half-cell) (acoustical half-cell) 


The symbols associated with the reference electrode 
(pressure and temperature of the gas and liquid 
phases and the activity of the hydrogen ions) repre- 
sent also the time-average of the corresponding vari- 
ables for the electrode exposed to acoustical radia- 
tions. If the variation in the potential of this cell 
is assumed” to be caused entirely by temperature 
and pressure fluctuations in the gas phase of the 
acoustical half-cell and the approximation In (1 + 2) 
= x for x < 1 is applied, the electromotive force 
of this cell is given’ by the equation, 
E = —43RT>(P, — + 48,(T, — T¢)/F, (1) 
where S, is the molar entropy of hydrogen gas, R 
is the gas constant, and F is the Faraday of elec- 
tricity. 

In the application of thermodynamies to this ef- 

’ The contributions to the effect from pressure and tem 
perature variations in the liquid phase amount to less than 
0.2°, of the total effeet for the special case. 

‘ Details concerning the derivation of this equation from 
thermodynamics are presented in the earlier paper by the 
authors on the hydrogen electrode (5) 
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fect, the inherent assumption is made that molecu- 
lar hydrogen gas is in equilibrium with the electro- 
active phase, i.e., an atomic phase. If the pressure 
changes in the gas phase are adiabatic, then by the 
second law of thermodynamics, 


(sr), ¢, Gr) 
oP 8 eT Pp 


T, — T, — (2) 


and 


where C, is the molar heat capacity of the gas 
phase at constant pressure. The value for the tem- 
perature change in eq (2) should be considered as 
a limiting value, however, for it is doubtful that 
the temperature variations in a gas phase with ob- 
viously small dimensions compared to the wave- 
length at low frequencies are adiabatic. The condition 
that equilibrium be maintained at every instant, at 
least to a first order approximation, appears hardly 
feasible for practical purposes unless the tempera- 
ture of all phases at the electrode are essentially the 
same. Inasmuch as the temperature variations in 
the liquid phase are very small because of the low 
temperature coefficient of expansion for liquids, 
(T, — T%) will be assumed negligible. Eq (1) then 


simplifies to 
RT) (AP 
= ? (3) 
2F \P, 
0 
where AP, = P, — P,. 

If the pressure amplitude of the incident acousti- 
cal radiations in the liquid phase is represented by 
p, the excess acoustical pressure in the hypothetical 
gas phase of the acoustical half-cell is approximately” 
AP, = plexp t(wt — + exp i(wt + (4) 
where w is the angular velocity and o is the propa- 
gation constant, w/g;, where q is the velocity of 


sound in the liquid phase. If eq (3) and (4) are com- 
bined, 


E=- plexp i(wt — + exp i(wt + (5) 
or 
E = —10“plexp i(wt — or) + exp i(wt + 


for the case where p, the pressure amplitude, is in 
dynes For acoustical radiations with an in- 


5 This equation is valid only for the case where the acous- 
tical waves are total reflected for practical purposes at 
the surface of the platinum. The pressure amplitude is the 
same in both the liquid and gas phases if the latter is small 
in thickness (compared to the wavelength) because the 
boundary conditions include continuity of pressure between 
phases. Further details concerning the reflection of acous- 
tical waves at electrodes are given at the end of the paper 
(Appendix). 
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tensity of one watt/em’, the amplitude of the al- 
ternating component in the electrode potential should 
be 107° volts. 


Il. GENERAL TREATMENT OF THE HYDROGEN 
ELECTRODE EFFECT 
The electrode reaction for the acoustical half- 
cell indicated in Part I may be represented as the 
sum of the two steps: 


hg hy 
e + H* ——— H—Pt ——— 4Hi(gas) 
ks ko 


where the intermediate state involves the formation 
of atomic hydrogen adsorbed on the surface of a 
metal, e.g., platinum. The reaction constants /, , 
Io , ky , and ky are defined in the present discussion 
by the equation 


= kyr’ — keP(1 — + kar — — 8), (6) 
where 7 represents the concentration of atomic hy- 
drogen adsorbed on the surface of the electrode in 
moles per unit of actual surface area, P is the pres- 
sure of the hydrogen gas, @ is the fraction of the 
single active sites which are occupied on the metal 
surface, (1 — 6) is a faetor (6) representing the 
number of double active sites which are unoccupied, 
and ¢ is the concentration of hydrogen ions in the 
electrical double layer (7). In eq (6) the interaction 
energy of neighboring hydrogen atoms adsorbed on 
the metal is assumed to be negligible. 

In eq (6), hy and ky are essentially independent 
of the variables +r and P, although hk; and ky may 
depend on 7 and ¢ since the energy of activation is a 
function of the absolute single electrode potential, 
y. The surface concentration of atomic hydrogen is 
proportional to 6, i.e., @ = xr, where 1/x is the 
surface concentration with all active sites occupied. 
In the presence of a periodic perturbation, let the 
symbols Ar, AP, and Ay be defined by the equations 
r= 7° + Ar, P = AP, andy = + Ay, 
where 7’, and are the time-average values 
for the surface concentration, gas pressure, and elec- 
trode potential (potential of the electrode relative 
to the solution), respectively, with the temperature® 
and the concentration of hydrogen ions in the 
electrical double layer assumed to be constant. The 
latter seems a reasonable approximation even in 
the presence of ultrasonic waves if one notes how 
small the variations in charge distribution are in 
solutions subjected to ultrasonic radiations [the 
Debye effect (2, 8)}. 


®* Temperature variations at the electrode are assumed 
to have a negligible effect as in Part I. 
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The reaction constants k; and ky may be repre- 
sented by the expressions 


ks = k3 exp av) (7) 
and 

ky = xp( RT av) = RT ax), (8) 


where k; and kj are the reaction constants associ- 
ated with the average conditions r°, P’, and y’, 
and @ and 6 are the fractions of the absolute elec- 
trode potential which influence the activation energy 
for the ionization and discharge processes, respec- 
tively. In order for eq (7) and (8) to conform with 
the Nernst equation under equilibrium conditions, 
(a + 8) must equal unity. If these equations are 
combined with eq (6) and /; and ky are replaced 
by ki and k3 for purposes of symmetry, we have to 
a first order approximation, 


= (B + + DAP) + 9) 
where 
A= + Beki(1 — (9a) 
B = ky + kick, (9b) 
and 
D = —K(1 — xr’y’, (9d) 
since 


+ — kge(1 — xr). (10) 
The quantity AP is given by the equation® 
AP = plexp — or) + exp + 


as in Part I. 

The solution of eq (9) requires a relationship be- 
tween Ay and Ar. The electrode and the solution 
may be considered as the plates of a condenser with 
an effective charge of Q at any instant; hence, 
xv = Q, where x is the effective capacity of the 
condenser. As in we case of 7, P, and y, let x = 
x + . and Q = Q° + AQ. It is apparent that 
AQ = F (Ars) is the Faraday and (Ar) 
is the contribution to Ar from the ionization and 
discharge processes. To a first order approximation 


0 


d(Ars:) _ x° d(Ay) 4 y d(dAx) 


dt dt dt (11) 


If eq (11) is combined with eq (9), 


TO) 4 (B +e +! 
dt? x’ dt 
_ BDF (spy +! vd (ax) 2) 
dt? 
x® dt 


In order to solve eq (12), an explicit relation is re- 
quired between Ay (the perturbation in capacity) 
and time. The capacity’ shall be assumed to vary 
inversely as the effective distance of separation 
between the electrode and the effective plane of 
charge on the solution side. Since this distance is a 
periodie function of displacement in the acoustical 
waves, Ax may be expressed in the form 


Ax = p[M, exp i(wt — ox) + M2 exp i(wt + o2)], 
(13) 


where p is the pressure amplitude of the incident 
waves and /, and VW. are complex constants.’ 
Only the steady-state solution is desired for eq 
(12); hence, the alternating component in the elec- 
trode potential is assumed to take the form 


Ay = & exp (wl — ox) + & exp i(wt + ox), (14) 


where & and & are complex coefficients. Eq (12) is 
satisfied by eq (14) when 


BD + W°/F)M, — i(B + Che] (15) 
w*/F) — AC] — + + Alo? 
and 
&=- 

BD + — i(B + (16) 


[G0 w?/F) — AC] — C)(°/F) + Alo? 


If L” represents the time-average value for the effee- 
tive thickness of the dielectric of the condenser and 
AL the variation in this quantity as a result of the 
acoustical radiations, it can be shown that® 


Pp | Ra +- | 
+ Ru) 


— exp exp i(wt — 012) 


Ra — Rn | 
Ra(ki + Rn) 


-{1 — exp i(—o4L)| exp i(wt + 012), 


AL 


II2 


(17) 


where R,, R; , and F,, are the acoustical impedance 
(density X velocity) of the dielectric of the con- 


‘The nature of the dielectric of this condenser will be 
discussed at a later point in this paper. 
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denser, the solution, and the metal of the electrode, 
respectively, and oq is the propagation constant, 
i.e., w/ga, for the dielectric of the condenser. The 
variation in capacity is related to AL by the equa- 


tion, Ax = —(x°/L")(AL), which is applicable pro- 
vided AL is small compared to L’. Thus, 
ix’ Ra + ° L° 
Ret Ra 
Ja Rakhi Rm) 
and 
- 0 
Ra Rn 0 
1 — exp i(—oaL 
(19) 
Rn — Ra 


II? 


x 
Ra(Ri + Rn) 


where M, and M; are both real numbers for practical 
purposes and independent of frequency, provided 
the dimension (L°) of the condenser is small com- 
pared to the wavelength. The absolute values for 
£ and & are 


| 
2 
me 0)| 
AC ) x wo 2 
[1 | 
x 
+[a+@+o%] (3) 


( p (20) 


and 


AC xa T 

2 


and the corresponding phase angles, 6; and 6 are 


[A + (B+ 


6: = —are tan AC — (x°o?/F) 
— are tan + 
ar FBD + Mo 
and 
in awe ts [A + (B+ C)x°/Flo 
AC — (x‘w?/F) 
(23) 


—y’ M(B + 
FBD + 


— are tan 
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If the electrode in the acoustical field is part of a 
cell of the type described in Part I, the electromotive 
force E of the cell will be identical with Ay, pro- 
vided that the conditions of the reference electrode 
correspond to the average of the acoustical electrode; 
otherwise, Ay represents the alternating component 
in E. In general, the average conditions represented 
by y’, 7°, and P° may be either reversible or ir- 
reversible. For the reversible case, 


= keP%(1 — (24) 
and 
= kge(1 — 0°). (25) 
Under these conditions, the alternating component 
is 


RT — aM,w) + 


AY = \ ru)? + (ou)? f 
-p exp t(wt — ox) (26) 
RT — + 
2P°F \ + + (sw)? f 
-p exp t(wt + 02), 
where 


_ Wks + ki ex) 

F 

|| 2 ks + ko cx 


_ x’ RT (ks + ex) 


(26a) 


(26ce) 


oF ke 0 
[2 ks + 


It should be noted that k}, ki, and p° are not in- 
dependent of P° and ¢, since the electrode potential 
should follow the Nernst equation for reversible con- 
ditions. If w is small, i.e., the effect observed at low 
frequencies, the alternating component will ap- 
proach the value predicted earlier on the basis of 
thermodynamics: 


Ay = p [exp i(wt — x) + exp i(wt + 


If free hydrogen gas is not present at the electrode 
surface, an extremely small effect would be expected 
onthe basis of thermodynamics except at very low 
frequencies when the concentration of hydrogen gas 
dissolved in the solution adjacent to the electrode 
might vary as a function of the pressure of the hy- 
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drogen gas in equilibrium with it. Experimental in- 
dications (1, 2) are that this view is correct. In the 
case of cathodically polarized electrodes, however, 
one would expect a hydrogen gas phase to form at 
the surface of the electrode if the surrounding solu- 
tion has previously been saturated with hydrogen 
gas. Work in progress at Western Reserve University 
as well as previous work by Nikitin seems to con- 
firm this conclusion. Acoustical effects have been 
observed at audio and ultrasonic (250 ke) frequen- 
cies with both cathodieally and anodically polarized 
electrodes. Furthermore, on occasion, the acoustical 
sensitivity appears to persist for an appreciable time 
after cessation of the current. For the polarized hy- 
drogen electrode, hydrogen gas is probably the di- 
electric of the condenser. 

Eq (26) may be applicable to polarized electrodes 
when the current density is low and after the cessa- 
tion of current. At higher current densities, however, 
eq (24) and (25) should be replaced by the expres- 


sions, 
I = — (27) 
and 


I = — 0°) — (28) 


where / is the cathodie polarizing current. The re- 

action constants kj and ky may be related to the 

overvoltage n by the equations, 


0 0 
ks = exp ») 


0 0 BF 
v4 = CX 30 
ka exp (30) 


where of; and ok; correspond effectively to the ‘“re- 


and 


versible” values. For low frequencies, the capacitive 
effect, represented by terms involving 7, and V, 
in eq (20) and (21), becomes small and the amplitude 
of the effect for the polarized electrode is 
BD 
&=& = ic P, (31) 


where the terms A, B, C, and D depend on the 
polarizing current through eq (27-30). 

For frequencies which are sufficiently high such 
that the internal impedance of the electrode is pri- 
marily capacitive, eq (20) and (21) become 


= — 0) Mip/ x’ (32) 
and 
= (" — n)Mop/x’, (33) 


0 . . rw 
where wy represents the reversible potential. Thus, 
at high frequencies, the gas electrode would be ex- 
pected to act as a condenser microphone. Unfortu- 


nately, it is not possible to indicate what constitutes 
high and low frequencies as far as the effect is con- 
cerned since there is insufficient information on the 
rate processes at gas electrodes. 

An attempt has been made in Fig. | to indicate the 
nature of the hydrogen electrode effect by an elee- 
trical diagram. In this diagram, the condenser C 
represents the capacity (x’ + Ax) of the electrode 
to the solution, Z;, represents the equivalent electri- 
‘al impedance associated with the rate constants 
ks and ky, ¥ is the d-c potential y" plus the alter- 
nating component Ay, and Z, is the impedance asso- 
ciated with any rate processes in the electrical double 
layer and the solution, e.g., the resistance of the 


Metal Solution 


solution. Z;, decreases as the frequency approaches 
Zero. 

In this treatment, the polarized electrode has been 
assumed to be surrounded by a more or less con- 
tinuous film of gas. In practice, this is probably a 
poor assumption because the solution surrounding 
the electrode would be expected to wet the metal 
surface under most conditions. Thus, the continuous 
film should be replaced by a discontinuous phase 
consisting of a large number of closely spaced 
bubbles. If the surface conductivity of the solution 
is low, however, the concept of a leaky condenser 
should be a close approximation. If the effect is 
studied at appreciable polarizing currents, periodic 
fluctuations in bubble size as a result of the ultrasonic 
waves might produce a variation in the effective 
resistance to the flow of current at the electrode sur- 
face, and hence, an alternating component in the 
potential. In Fig. 1, this might be represented by 
a periodic variation in impedance Z3 as well as Z, . 

In the present discussion, any variation produced 
in the zeta potential by the acoustical waves has been 
assumed to be negligible. This seems reasonably justi- 
fied in view of the fact that the reversible hydrogen 
electrode demonstrates little acoustical sensitivity. 

The study of the effect of acoustical waves on the 
hydrogen as well as the oxygen electrodes should be 
interesting in terms of the fundamental nature of 
overvoltage. A detailed examination of the amplitude 
and phase angle of the effect as a function of fre- 
quency, extent of polarization, hydrostatic pressure, 
amplitude of acoustical waves, and concentration 
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of electrolytes should indicate the magnitude of the 
rate constants for the processes at the hydrogen 
electrode. The two steps cited above, while general, 
have been used primarily for the purpose of illustra- 
tion. Any theory of overvoltage which is accepted 
in the future should be capable of explaining this 
effect quantitatively. 

At the present time, the effect of ultrasonic radi- 
ations on the hydrogen electrode is under investiga- 
tion at Western Reserve University in terms of both 
alternating components and uni-directional changes 
in electrode potential. The results of the experimental 
work on the a-e effect, which involves the use of pulse 
techniques, will be reported in the near future. One 
objective of the work, which is partially supported by 
an Office of Naval Research contract, is to ascertain 
the possibility of utilizing the hydrogen electrode as 
a hydrophone. 

If the ideas expressed above are fundamentally 
correct, an inverse effect should be expected at a gas 
electrode; i.e., if an alternating potential is applied 
to a polarized electrode, a material wave of the same 
frequency should be generated in the solution sur- 
rounding the electrode. This remains to be confirmed 
experimentally. 


APPENDIX 


Tue REFLECTION AND TRANSMISSION OF SOUND AT 
A Gas ELECTRODE 


An electrode surface is represented in Fig. 2 with 
a dielectric d between the solution and the metal 
surface. In the present discussion the dimensions 
of the liquid and metal (platinum) phases will be 
considered infinite while the thickness L of the inter- 
mediate phase d is small compari. to the wave- 
length. The subseripts 1, d, and m will be used with 
appropriate phases while j and & will indicate the 
phase boundaries (Fig. 2). The displacement in the 
liquid phase is 


X, = A, exp i(wt — ox) — B, exp i(wt + or) (34) 


where the first term represents the incident waves 
(traveling in the plus-x direction) and the second 
term represents the reflected waves. In addition, 
w is the angular frequency of the waves, x is the 
distance in the direction of propagation, and o; is 
the propagation constant w/g; where q is the velocity 
of the waves in the liquid phase. Likewise, the dis- 
placement in phase d and the metal are 


Xa = Aaexp i(wt — oar) — Ba exp i(wt + oar) (35) 
and 


Xm = An exp t(wt — onX). (36) 
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From acoustical theory (9) 
2 OX 


AP = —pg 
Ox 


(37) 
where p is the density of the phase, AP the excess 
acoustical pressure, and g the velocity of sound. The 
boundary conditions include continuity of pressure 
between each phase and continuity of displacement 
normal to each boundary. If these conditions are 
applied in conjunction with eq (34-37) and the re- 


Liquid d Metal 
- 
incident 
radiations 
J k 
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sulting four equations solved for B,, Ag, and By 
in terms of A, , 


B, = lexp — 


A 
7 lexp i(—oa L)\[—Ra — Rak, 
(38) 


+ RaRn + Ri Rul, 
Ag = [exp i(o4 + oax; — 01 


+ (39) 


and 
Ay ; 
Ba = lexp — + 2;)] 


— (40) 


where x; represents the coordinates of boundary j 
and 


U = [exp i(oa + Ra Ri + RaRn + Ri 
+ [exp i(—o4 L)\[-—R; + RuR, Rik nl, 
(41) 


where 2, R; , and R,, are the acoustical impedances 
(velocity X density) of the dielectric (e.g., hydrogen 
gas), solution, and metal. 

Since the dimensions of the dielectric are small 
compared to the wavelength, terms involving only 
exp i(oal.) and exp i(—oul.) may be assumed equal 
to unity and terms involving || — exp 7(¢al.)| and 
{1 — exp 7(—oal.)| may be assumed equal to [—7 sin 
(oal.)| and [+7 sin (e¢L)|, respectively. 

If the excess acoustical pressure of the incident 
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waves in the liquid phase is 
plexp i(wt — (42) 
then, by eq (37) 
p = (43) 


The acoustical pressure in the liquid phase and the 
dielectric are essentially equal in view of the 
boundary conditions; hence, 


AP, = AP, = p [exp i(wt — 


Rn — R, 
—— exp 2(wl |. 
The specific acoustical resistance of platinum is ap- 
proximately 6 & 10° egs units while that of water 
is approximately 1.5 10°; thus, for practical pur- 
poses, 


AP. = plexp — ox) + exp i(wt + 


The difference between the displacements in the 
dielectric (hydrogen gas) at boundaries j and k is 
equal to the periodic change in the dimensions of 
the condenser. By the combination of eq (35), (39), 
and (40), AL is found to be approximately 


{ Ra + 


AL=? 
Ra(Ri + Rn) 


tw 


[1 — exp L)) 
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i(wt — ow) + 


— exp i(—oal)] exp i(wt + 


which is identical with eq (17) in Part II of this 
paper. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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The Formation of Molybdenum Disilicide Coatings 


on Molybdenum’ 


A. Berpter, C. F. Powe, I. E. 


Battelle Memorial Institute, Columbus, Ohio 


AND 


L. F. YNTEMA 


Fansteel Metallurgical Corporation, North Chicago, Illinois 


ABSTRACT 


Molybdenum can be rendered highly resistant to oxidation by treatment with a 
hydrogen-silicon tetrachloride atmosphere at 1000° to 1800°C so as to produce a molyb- 
denum disilicide coating at its surface. Coatings 0.025 mm thick, thus produced, have 
completely protected the base metal for over 4000 hours in air at 1000°C, and for over 30 
hours at 1700°C. Thicker coatings, within limits, give proportionately longer lives. 
Although brittle at room temperatures, the coatings have limited ductility at a red 


heat. 


INTRODUCTION 


As developmental work on materials of construc- 
tion for high-temperature service continues, it be- 
comes increasingly apparent that no one material, 
or group of materials, will have all of the desired 
properties. 

Ceramic materials such as oxides, frequently used 
because of their chemical stability, are difficult to 
fabricate, and for the most part have low resistance 
to mechanical and thermal shock. Metals are more 
readily fabricated and are resistant to mechanical 
and thermal shock, but, with the exception of the 
platinum group metals, are subject to oxidation at 
elevated temperatures. 

The possibility of using a metal with a ceramic or 
quasi-ceramic coating appears to be a possible solu- 
tion to the problem of producing a material for ex- 
treme high-temperature service. One of the most 
promising of such materials is siliconized molyb- 
denum, i.e., molybdenum with a coating of molyb- 
denum silicides. 

Molybdenum may be siliconized by a variety of 
methods such as hot dipping, spraying, and heating 
in a silicon pack. However, one of the most effective 
methods is by treatment in a SiCl-H» atmosphere 
at 1000°-1600°C, frequently referred to as the vapor- 
deposition method. 

This paper summarizes results of experimental 

Manuscript received March 23, 1950. This paper pre- 
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work on the formation of molybdenum disilicide 
coatings on molybdenum by reaction of molybde- 
num with a SiCl,-H» atmosphere. 


EXPERIMENTAL Work 


Materials 


Molybdenum.—Most of the exploratory work in 
preparing and testing molybdenum silicide coatings 
has been done on 2-mm-diameter molybdenum wire 
produced by the Fansteel Metallurgical Corpora- 
tion. However, sheet, rod, and tubing, as well as 
numerous fabricated articles, have been coated. 

Silicon tetrachloride.—The C.P. grade, containing 
99.8 per cent SiCl, was fractionated under hydrogen 
and distilled into the saturator used in the coating 
process. 

Hydrogen.—Tank hydrogen, 99.8 per cent pure, 
was passed over copper turnings at 400° to 600°C, and 
then through MgClO, and P.O; drying towers and a 
furnace containing magnesium metal chips at 600°C. 


Apparatus 

The apparatus shown in Fig. | was developed for 
coating a series of short, straight lengths of the mo- 
lybdenum wire in rapid succession. It consisted of 
two identical, water-cooled stainless-steel end pieces, 
each having a close-fitting central hole to receive the 
wire sample, a mercury gland to seal the wire en- 
trance and gas entrance and exit apertures. The 
coating chamber was a water-jacketed 30-mm Pyrex 
tube, sealed to the end plates by rubber O-rings held 
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in grooves in the plates. The end plates were con- 
nected to the secondary of a step-down transformer 
whose primary was operated from a 20-amp Variac, 
permitting close control of the wire temperature. 
From 200 to 250 amp were required to heat the 
2-mm-diameter molybdenum wire to coating tem- 
perature. Short lengths of wire were used in most of 
the coating work, but long lengths could be coated 
by slowly drawing the wire through the apparatus. 


Fig.1. Unit for siliconizing 2-mm-diameter molybdenum 
wire. 


The coated wires were tested by heating them as 
resistors in air to the desired temperature and noting 
the time to failure. The wire was clamped horizon- 
tally in two heavy, water-cooled copper electrodes, 
one of which floated freely in a mercury well to allow 
expansion and contraction of the wire. The heating 
current was obtained from a step-down transformer 
fed by a 20-amp, 115-v Variac. A current transformer 
on one of the secondary leads activated a relay which 
closed the circuits to a time meter and to the Variac. 
Failure of the specimen opened the relay, shutting off 
the time meter. An auxiliary piece of equipment per- 
mitted the sample to be loaded for oxidation tests 
under tension. 

Smaller molybdenum specimens (0.5-mm_ wire) 
were bent into loops and heated electrically for coat- 
ing and testing. Larger objects, such as 6- to 12.5- 
mm-diameter tensile bars, were heated inductively 
or in externally heated furnaces, the former method 
being preferred. 


Procedure 


After inserting the cleaned specimen in the coating 
chamber, the chamber was flushed with hydrogen 
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and the sample raised to coating temperature as in- 
dicated by an optical pyrometer (corrected for 9 = 
0.4 at AX = 0.65u). The hydrogen was then sent 
through the silicon tetrachloride (maintained at the 
desired temperature) and into the coating chamber. 
This caused the specimen temperature to drop, re- 
quiring readjustment to the desired value. At the end 
of the coating period, the hydrogen flow was caused to 
by-pass the silicon tetrachloride and the sample was 
cooled after flushing the coating chamber with hy- 
drogen. 

The life of a coated filament in air was used as a 
standard in evaluating variables in the coating pro- 
cedures which are, in many cases, interdependent. 
The effect of the various factors can be sufficiently 
isolated, however, to indicate the conditions which 
tend to give a coating having optimum protective 
properties. 

The compositions of the various layers produced in 
these coatings were determined by comparison of 
their metallographie and x-ray analyses with similar 
analyses of a series of molybdenum-silicon alloys. 

{ESULTS 

In siliconizing molybdenum, two types of coatings 
are generally obtained, depending primarily upon the 
coating temperature and to a lesser extent on the gas- 
flow rate and the concentration of silicon tetrachlo- 
ride. Below 1420°C, the melting point of silicon, the 
coating may be either two or three phase, depending 
on whether or not an outer layer of silicon is ob- 
tained. In the three-phase coating, layers of Si, 
MoSiz, and MoSi are present, while the two-phase 
coating consists of an outer layer of MoSi, and an 
intermediate layer of MoSi. Above the melting point 
of silicon, only the two-phase coating is normally 
obtained. However, if deposition is carried out at 
high gas-flow rates or with high concentrations of 
SiC], in the plating atmosphere, a layer of molten 
silicon can be obtained. By using low flow rates or 
low SiC], concentrations, the formation of free-silicon 
coatings below 1400°C can be avoided. A coating of 
free silicon can be converted into molybdenum sili- 
cide by holding the coated sample at a temperature 
just below the melting point of silicon. 

The relative rates of formation of these various 
layers on a 2-mm-diameter molybdenum wire at 
1800°C are shown in Fig. 2. 

The total rates of formation of molybdenum sili- 
cide coatings at various coating temperatures are 
shown in Fig. 3. The hydrogen flow rate in this set of 
experiments was 800 cm*/min, while that used in 
obtaining the data in Fig. 2 was 500 em’ ‘min. 

Examinationof Fig. 2and 3 shows that the depo- 
sition rate decreases with time, with the rate of 
formation of the inner (MoSi) layer diminishing more 
rapidly than that of the outer (MoSi,) layer. This is 
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the result of the fact that deposition occurs primarily 
by displacement, particularly at the higher tempera- 
tures. 

A photomicrograph of a coating produced at 
1800°C is shown in Fig. 4. 

Deposition temperatures were not critical, almost 
identical performance being obtained with wires 
given coatings of equal thickness at temperatures 
from 1400°-1700°C. 
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by electrodepositing a thin layer of copper on it, did 
not noticeably reduce the test life. 

The effect of total coat thickness upon the fila- 
ment life in air is shown for two test temperatures 
in Fig. 5. These plots can be expressed by the fune- 
tion 


L = kt" 


where L = life in hours, ¢ = coat thickness in milli- 
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COATING TIME, SECONDS 
Fig. 3. Effect of coating time on total coating thickness 
at 1200°, 1490°, 1600°, and 1800° C. Hydrogen flow—800 
em*/min SiCl, at room temperature. 


The concentration of SiC], in the coating atmos- 
phere was likewise found to be not critical. 

Close control of the rate of gas flow over the sam- 
ple while coating was not required. A tenfold varia- 
tion in flow rate had little effect on coating uni- 
formity or test life with the 2-mm-diameter wires. 
In coating larger objects, however, the flow rates 
become more critical. 

Various methods of cleaning the surface prior to 
coating had little effect on the test life. Conversely, 
intentional contamination of the wire before coating, 


denum wire at 1800°C. Coating time—250 seconds, H, flow 


rate—500 em*/min, SiCl, at room temperature. Etchant 
1:1:1 HNOs;-HF-H2O. 500x. 


meters?; K = 12,460 at 1200° C and 2,565 at 1700°C, 
and n = 1.65 at 1200°C and 1.51 at 1700°C. Data 
for preparing similar plots for coatings on larger or 
smaller bodies, or for coatings made at temperatures 
other than 1800°C, are not available. 

Judging from Fig. 5, in order to obtain adequate 
protection at any given temperature, one needs only 
to apply a sufficiently thick silicide coating. How- 
ever, this is not the case. Coatings more than 0.075- 
or 0.100-mm thick have a pronounced tendency to 


2? Obtained from photomicrographs of cross sections of a 
duplicate set of coated wires. 
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crack (Fig. 6). This, and other factors, will probably 
limit the practical coat thickness to less than 0.250 
mm. This limit applies to coatings produced on a 
molybdenum base by the process described here. 
Other processes capable of producing thicker coat- 
ings will be described later. 
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Fic. 5. Effeet of coat thickness upon test life in air at 
1200° and 1700°C, 


Fic. 6. Photomacrograph showing surface of molyb- 
denum wire siliconized for two hours at 1800°C in a flow 
of 1500 em* per minute of hydrogen saturated with SiC], 
at room temperature. 


For comparison with the data plotted in Fig. 5, the 
life of an uncoated 2-mm-diameter molybdenum wire 
in air at 1000°C is about 0.1 hour. 

The composition of the test atmosphere had some 
effect on test life in that slightly longer lives were 
obtained in atmospheres saturated with water vapor 
than in dry atmospheres. The difference was not 
marked, however. 

Localized contamination of the coated filament 
prior to, or during, the oxidation test had a pro- 
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nounced effect upon filament life. Metallic contami- 
nants were harmful in the order Fe > Cu, Chromel 
A, Ni > Cr, Mo. Small spots of iron or the other 
metals, except Cr and Mo, reduced the test lives at 
1700°C to a few tenths of an hour, or at best one or 
two hours. The latter two had little effect on the 
test life. Nonmetallic contaminants capable of re- 
acting with (fluxing) the SiO, film (e.g., CaO) re- 
duced the test life to less than an hour at 1700°C. 

Very few oxidation tests have been made to date 
of siliconized molybdenum specimens under load. 
Available data on some early tests of 0.025-mm-thick 
coatings on 2-mm-diameter wires show lives of 500 
to 1000 hours at 975°C under 5000-psi load. The 
coatings have been greatly improved since these 
tests were made. 

While most of the testing has been done by heat- 
ing the specimens internally, comparable resistance 
to oxidation is shown by samples heated externally 
in furnaces and by hot gas flames. 

The molybdenum disilicide coating is highly re- 
sistant to corrosion by most acids and alkalies. It is 
slowly attacked by dilute hydrochloric acid and con- 
centrated hydrofluoric acid, however, and is rapidly 
attacked by a hydrofluoric-nitric acid mixture. 

The approximate Knoop hardness values for the 
various coating layers are (100-g load): Si—940; 
MoSi.—1160; MoSi—890. While the disilicide is 
harder than silicon, it is not nearly so brittle. The 
silicide coatings are semiductile at room temper- 
atures (the coated wire can be bent slightly without 
cracking the coating), and, at a red heat, the treated 
wire can be wound into tight coils without damaging 
the coating. The thermal-shock resistance of the 
coatings is very good; the coated filaments can be 
heated from room temperature to 1700°C in a second 
or less without failure. Any cracks which do appear 
are self-healing, by reason of a crack-plugging film of 
SiO. which forms on the surface of the silicide. 

Discussion 

Although this report is primarily concerned with 
the preparation of molybdenum silicide coatings by 
vapor-phase deposition, a number of other coating 
methods have been tried. These include dipping in 
molten silicon; flame spraying the mixed, or alloy, 
powders; sintering an overlay of molybdenum sili- 
cide; cladding by fusion welding using a molyb- 
denum silicide rod; and electrolysis of fused silicate 
baths at high temperatures. A few of these processes 
are promising, especially for applying thicker coatings 
than can be obtained in a continuous form by the 
vapor-phase processes. 


CONCLUSION 


The siliconizing of molybdenum is a very effective 
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way of imparting the corrosion resistance of a silica 
glass to this highly refractory metal. This process 
offers promise for treating parts subject to ordinary 
chemical attack and to high-temperature oxidation. 
These include furnace heater elements, combustion 
chambers, turbine blades, nozzles, heat exchangers, 
ete. 

These coatings are being continuously improved by 
further research. The results to date show that lives 
of over 1000 hours at 1700°C in air are a certainty 
for molybdenum filaments having silicide coatings 
less than 0.125-mm thick, and lives of 2000 hours 
or more are highly probable. 


ACKNOWLEDGMENT 


The authors wish to extend their appreciation to 
the Fansteel Metallurgical Corporation for permit- 
ting the publication of this report. They also wish 
to acknowledge the interest and assistance of Dr. 


MOLYBDENUM DISILICIDE COATINGS 25 


B. W. Gonser of Battelle Memorial Institute in the 
investigation. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 


JOURNAL. 


REFERENCES 


. O. Hontescumip, Monatsh., 28, 1017, (1908). 

2. WepekiInp AND J. Pintscu, German Pat. 294,267, 
September 12, 1913. 

3. J. N. Pring anno W. Fieupina, J. Chem. Soc., 95, 1497, 
(1909). 

4. N. V. Puitips GLoEILAMPENFABRIEKEN, British Pat. 
200,879, March 24, 1922. 

5. N. PARRAVANO AND C. Mazzerti, Rec. trav. chim., 42, 
821 (1923). 

6. R. HéLBLING, Z. angew. Chem., 40, 655 (1927). 

7. G. K. Treat, J. R. Fisner, anp A. W. Treptow, J. 
Applied Phys., 17, 879 (1946). 

8. K. H. Storks G. K. Treat, U. 8S. Pat. 2,441,603, 

May 18, 1948. 


° 


Distribution of Current in Porous Eleectrodes' 


J. J. CoLEMAN 


Burgess Battery Company, Freeport, Illinois 


ABSTRACT 


An experimental test is made of the applicability of Kirchoff’s law to porous elec- 
trodes. The theory is applied to a dry cell made with three bodies of mix separated from 
each other by paper walls wet with electrolyte. The three bodies are thus isolated elec- 
tronically but connected ionically. All three are connected to the external load. Thus, 
the electronic current flowing into each body of mix is equal to the polarizing current in 


each body and hence is a measure of the rate of reduction of manganese dioxide in each 
body. It is shown that established theory explains the distribution of current, using two 
parameters determined directly from the current distribution data. 


INTRODUCTION 


This is a continuation of work reported in a pre- 
vious paper (1) in which the behavior of a dry cell 
in terms of changes in concentration in the neighbor- 
hood of a representative manganese dioxide particle 
was described?. These concentrations are altered first 
by the current of electrons flowing to the particle and 
the resulting reduction of the particle and second by 
diffusion. The main objective of the paper was to ex- 
plain quantitatively the marked dependence of am- 
pere-hour capacity on rate of discharge as the result 
of the increased effectiveness of diffusion when the 
discharge rate is lowered. 

As a first step in such an inquiry, one must de- 
termine how the rate of reduction of the particle de- 
pends on its position. Electrons flow to the particle 
through the web of black. Some of these electrons 
are absorbed by the particle and an ionic current is 
established of equal magnitude. Chemically, we think 
of the reduction of manganese dioxide to a lower 
oxide. Electrically, we picture the conversion of an 
electronic current into ionic current, by what has 
been called “the polarizing current” (3). The prob- 
lem can be discussed in either electrical terms or 
chemical terms. In the paper on dry cell dynamics, 
the distribution of polarizing current was determined 
by applying Kirchoff’s law to the flow of ionic, elec- 
tronic, and polarizing current within the porous 
cathode; and hence, electrical terms were appro- 
priate. 

Cahoon and Heise (2) took the pH of the elee- 
trolyte as an index to the extent of reduction at any 
point within the mix—although they noted that 
diffusion of acidic, anodically formed ZnCl, com- 
plicates the situation at the periphery of the mix. 


‘Manuscript received March 20, 1950. This paper pre- 
pared for delivery before the Buffalo Meeting, October 11 
to 13, 1950. 

? Possible changes of concentration within the particle 
itself were also considered, 
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They made pH measurements on portions of mix 
taken from partially discharged cells and also ana- 
lyzed these samples chemically. They confined their 
attention to a particular flashlight cell discharging 
continuously on a 4-ohm load. 

They concluded that at the beginning of the dis- 
charge the rate of reduction is most intense near the 
carbon rod, and as the discharge proceeds the rate 
of reaction increases in the middle and outer layers 
of the bobbin. 

Daniel-Bek (3) described the distribution of cur- 
rent in the bobbin the same way as given in the 
arlier work (1), with one exception. He considered 
an electronic current in the web of black (dry cells), 
web of lead (lead storage batteries), ete., and an ionic 
current in the web of electrolyte. He grouped all of 
the solids together—the material added to trans- 
port the electrons and the oxidizing agent—and 
called the sum of the two the “active mass.’’ He 
associated the conversion of electronic current to 
ionic with a flow of current through the surface of 
this mass, “the polarizing current.’? On the other 
hand, in (1) it was assumed that the polarizing cur- 
rent flowed through the manganese dioxide particles 
which have a (representative) resistance r. The two 
analyses become identical when r — 0. 

Both analyses lead to the conclusion that when 
the specific resistances of the web of black and of the 
web of electrolyte are equal or nearly equal, the 
polarizing current (at the start of a discharge) is 
high near the carbon rod, declines to a minimum, and 
then rises again to a high value near the edge of the 
core. 

Daniel-Bek made the important observation that 
the mathematical analysis developed is applicable to 
all kinds of porous electrodes. 

Both of these papers contained data obtained by 
the use of exploring electrodes. This kind of data 
sometimes proves unconvincing (2) because of the 
necessary complexity of interpretation. In contrast, 
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analyses of samples of mix taken from various por- 
tions of the core lead quickly to plausible conclusions. 
However, in making such conclusions one must keep 
in mind the fact that we are dealing with a dynamical 
situation. The processes going on within a cell are 
not immobilized by opening a switch since diffusion 
continues. Current may even continue to flow within 
the mix, the regions of least reduction charging the 
regions of greater reduction. An ammeter, however, 
measures a rate and catches an instantaneous pic- 
ture. 

The purpose of this paper is twofold: (a) to de- 
scribe a special type of experimental dry cell in 
which the distribution of polarizing current can be 
followed easily and simply by electrical measure- 
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Fig. 1. Cross section of a rectangularly shaped dry cell 


ments; (b) to show that the resulting data agree 
with the theoretical principles given before (1). 


EXPERIMENTAL 

Consider first a cell (Fig. 1, No. 1) employing « 
rectangular block of mix divided into three equal 
bodies (a), (b), and (c). We can describe the distribu- 
tion of polarizing current approximately by stating 
the total polarizing current absorbed by each di- 
vision. Let Ja, J», and J, be the polarizing currents 
absorbed by (a), (6) and (c), respectively. If J is the 
total current delivered by the cell, then 


(I) 


This is simply a statement of the fact that all of 
the electronic current entering the cathode must be 
converted to ionic current somewhere within the 
-athode. 

Now consider cell No. 2 (Fig. 2) where three 
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bodies of mix are isolated from each other elec- 
tronically by paper barriers. These barriers are wet 
with electrolyte and can pass ions but not electrons. 

In cell 1 electrons are carried to (b) and to (ec) by 
the web of black. In cell 2 electrons are carried to 
(b) and to (ec) by resistors 7; and rz. To this extent 
there is an analogy between 7; and rz in cell 2 and the 
web of black in cell 1. For example, if r; and r, are 
very large compared to the resistance of the elec- 
trolyte, most of the polarizing current is concentrated 
in (a). Likewise, if the resistance of the web of black 
is very large compared to the resistance of the elec- 
trolyte in cell 1, most of the polarizing current is 
concentrated in region (a). 
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Fic. 2. Cross section of an experimental cell containing 
three bodies of mix electronically isolated from each other. 


Conditions are relatively simple at the beginning 
of the discharge period. Here all the manganese 
dioxide particles develop the same emf and the 
specific resistance to ionic flow is everywhere the 
same in the cathode; no blocking precipitates have 
been formed. This simple state of affairs is very well 
suited for checking some of the theory of porous 
electrodes in its present crude state and this paper is 
confined to this region, i.e., to a consideration of fresh 
undischarged cells. 

Three slabs of mix 5.08 em by 4.45 em by 0.953 
cm were used in the experimental cell (Fig. 2). The 
mix was composed of 90 parts African ore, 10 parts 
acetylene black, 15 parts of ammonium chloride, and 
48 parts of a solution which contained 22 per cent 
ZnCl: and 28 per cent NH,Cl. Various combinations 
of 71, rs, and L (see Fig. 2) were tried. Potentials 
across r; and rz were measured by millivoltmeters 
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having a resistance of one million ohms per volt. The 
potential across L was also measured. From these 
measurements it was easy to calculate 7, J,, J», and 
T.. Results are shown in Table I. 

In the first four sets of data r; = re but in the last 
two this condition does not hold. When r; = rz there is, 
of course, no analogy witha simple cell such as shown 
in Fig. 1. In the last set of data, J, is negative. This 
means that electrons flowed out of slab (b) instead 
of into it. The significance of this set of data is con- 
sidered later. 


TABLE IL. Measured distribution of polarizing current 


rn re I la } Te 
ohms ohms (ma) (ma) % (ma) % (ma) % 
0.25 0.25 16.8 0.8 5* 2.8 17* | 13.2 | 78* 
32.4 7.6 23 4.8 15 20 62 
63.2 8 7 33.2 | 53 


0.50 16.7 5.7| 34 33 5.4 | 33 
32.5} 13.1) 40 9.4. 29 | 10 31 
62.8 4, 44 15.4) 24.5) 20 32 
120 55 16 27 | 22.5) 38 32 
| 
1.0 (1.0 | 16.8 9.8 58 3 18 4 2 
32.6 19.6 60 5 15 8 25 
59.5 35.5) 60 10 17 | 14 
115.2 69.2 60 | 
2.0 2.0 16.7, 11.7, 70 3 18 2 | 12 
32.3) 23.3) 72 1.5) 14 4.5 | 14 
61.6 45.6 74 7 11 ) 15 
118.0 90 76 13 11 | 15 | 13 
0.5 | 1.0 16.6 7.6 46 5 30 4 | 24 
31.8 14.8 46 9.5 30 7.5 | 24 
62.3 30.3 49 17 |2 
118.3, 57.3 48 33 3s if 24 
{ 0.25 | 16.5| 13.5) 82 | —7 |—42 | 10 60 
32.2} 24.2; 75 | —6.8\—21 | 14.8] 46 
62.3, 51.3) 82 |-13 |-—21 | 22 39 
122.3 110.8' 90 |—12.5|\-10 | 24 20 


* Not considered in the averages shown in‘Table II. 


THEORY 

Consider briefly what information can be derived 
from the analogy between cell 1 and cell 2. Note 
first that the per cent values for J,, J,, and J, ap- 
parently depend only on r; and rz, and are inde- 
pendent of the load on the cell. (See Table I. The 
last set of data does not follow this rule.) For ex- 
ample, when r; = rz = 1.0 about 60 per cent of the 
polarizing current is absorbed by slab (a) whether 
the load is 16.8 ma or 115.2 ma. A sevenfold increase 
in the load does not change the fraction of the cur- 
rent absorbed by a, b, and c. In Table II there are 
listed the average per cent values for J,, Js, and J. 
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I, tends to be lower than either J, or J, and it can 
be concluded that the initial flow of polarizing cur- 
rent in cell | shows a minimum somewhere in the 
mid-region between the carbon rod and zine elec- 
trode. Further, if the percentage values of J,, Jp, 
and /, found for cell 2 are assigned to the mid-points 
of regions (a), (b), and (ce) in cell 1, as in Fig. 3, then 
the points are connected by simple curves. 


TABLE IL. Distribution of polarizer current (experimental) 


n re le Ib Te 
ohms ohms % % % 
0.25 0.25 29 16 55 
0.50 0.50 41 27 32 
1.0 1.0 60 17 23 
2.0 2.0 73 13 14 
0.5 1.0 47 29 24 
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Fic. 3. Distribution of polarizing current 


In these graphs the polarizing current has been 
plotted against the distance from the left-hand boun- 
dary of the mix slab. This implies that the polarizing 
current depends only on this distance and not other- 
wise on the position of the point of interest within 
the mix slab. This would be true if instead of a 
carbon rod a slab of graphite were pressed against 
the left boundary of the mix slab. With the carbon 
rod there is not the necessary symmetry to say that 
the polarizing current depends only on the distance 
from the left boundary of the mix slab. 

The carbon rod reaches nearly to the bottom of 
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the mix slab. Hence, there is enough symmetry in 
the vertical direction to say that the polarizing cur- 
rent is virtually independent of the vertical position. 
It is the direction vertical to the paper in Fig. 2 
which lacks the proper symmetry for a simple inter- 
pretation of the curves in Fig. 3. This is direction y 
in Fig. 4. However, each point on a curve in Fig. 3 
represents the polarizing current « cm from the left- 
hand boundary of the mix averaged over all values 
of y. 

Thus, this gives an interpretation of the curves in 
Fig. 3 in terms of cell 1 and in terms of a cell with a 
simpler geometry, i.e., a cell with a graphite slab 
replacing the carbon rod. 

The same method of anlaysis is employed ina 
quantitative study of cell 2, the cell to which the 
experimental data apply directly, to develop a 
theory for this cell as was done previously (1) to de- 
termine the distribution of current in a dry cell with 
a cylindrical bobbin. The dependence of J,, J,, and 
I, upon 7; and rz can be established and the theo- 
retical values of these currents are found to agree well 
with the measured values. This gives support to the 
belief that the method of analysis used is correct for 
all sorts of porous electrodes. 

The necessary fundamental equations are derived 
by the application of Kirchoff’s law, that the emf’s 
and JR drops in any closed path in an electrical cir- 
cuit must balance. One such closed path can be con- 
structed as follows: Start with a dioxide particle 
very near to the carbon rod in slab (a); proceed up 
the carbon rod through r; and down the carbon rod 
in (b) toa very near dioxide particle; proceed through 
the particle to the electrolyte solution; proceed 
through the solution to the initial starting point. 

This path is so constructed that the portion lying 
in the web of black is negligible. Consider next the 
IR drop associated with the path through the elec- 
trolyte solution. Let 7 be the ionic current density 
at any point in slab (a). From symmetry consider- 
ations it is evident that 7 is directed perpendicularly 
to the zine electrode except for deviations required 
by the carbon rod. The errors introduced by this 
deviation are discussed below. There is a dependence 
of 7 upon x and y but not upon the vertical position 
of the point of interest. Consider first the dependence 
of i upon x. At the left-hand boundary where x = 
0,7 = 0. As x increases, 7 increases; it is increased at 
‘ach point within the mix slab by the polarizing 
current and 7 may be taken as proportional to 2x. 
One could make a more exact analysis similar to that 
employed previously for a cylindrical bobbin (1); 
but such an analysis would be much more complex 
because of more complicated geometry. A long de- 
tailed mathematical analysis is neither required nor 
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justified with dry cell theory in its present crude 
state. 

There is also a dependence of i upon y. If the web 
of black has a very high resistance then 7 will be 
large near the center of the slab and smaller in more 
remote regions. It turns out that one can avoid a 
detailed consideration of the dependence of 7 on y 
by the following artifice. Attention is confined to the 
portion of the slabs in the center, contained between 
the two dotted lines in Fig. 4. Let the area of the 
cross section, parallel to the zine electrode for this 
portion, be a and the total cross-sectional area of the 
slab be A. One can then put 
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Fic. 4. Cross section of experimental cell vertical to that 
shown in Fig. 2. 


If 7 is uniformly distributed with respect to y, i.e., 
if 7 is independent of y then a = 1. Whatever the 
value of @ it should be the same for all three slabs. 
Having established approximation (II) it is easy to 
‘alculate the required 7R drop. The drop across the 
lamina of thickness dx shown in Fig. 4 is widx where 
w is the specific resistance of the web of electrolyte 
and the total drop from the center of the electrode 
in (a) to the center of the electrode in (b) can be ob- 
tained by integration. This requires the lamina to 
take positions where 7 is bent by the carbon rods. 
However, the effect here is to decrease the current 
density in the center of the lamina and to increase it 
at the edges. This effect is negligible. 

Turn now to the JR drop produced within the 
dioxide particle by the polarizing current. Each par- 
ticle has an individual resistance but it is sufficiently 
accurate to treat them all as having a single resist- 
ance, r. In the lamina shown in Fig. 4 there are 
vadx particles, where v is the number of particles 
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per unit volume. The total polarizing current flow- 
ing through these particles is di = a(a/As)I,dx. 
All of the particles within the lamina are, as it 
were, connected in parallel; hence the JR drop is 


aal, dx (ID) 
vadx As vsA 
where 
r 
I\ 
8 (IV) 


simply the resistance of all of the particles within the 
slab taken as connected in parallel. 


TABLE ILL. Distribution of polarizing current (theoretical) 


Ta Tb Te 
ohms ohms % % 
0.25 0.25 33 25 42 
0.50 0.50 43 23 34 
1.0 1.0 56 19 | 25 
2.0 2.0 70 15 15 


The application of Kirchoff’s law is quite straight- 
forward from this point on and one finds 


7 asw 
(a3 + ) 


+ = n) = Ea — EB, (V) 


8 A 
aws 7 aws 
A (a+) A 


in which and £, are the electromotive forces 
developed by the respective slabs. At the start of the 


discharge E, = E, = E,, and one gets from (1), (V), 
and (V1) 


(m + n)ri + mre + rire + m 


I./I = D (VID) 
L,/I = — pri + nm (VIL) 
2 
(IX) 


in which 


D = nro + (m + n)(ri + re) + n(2m + n) 

m = a(8 — ws/8A) (X) 
n = a(7ws/8A + 8) (XT) 
p= (XII) 


Equations (VII), (VIII), and (IX) are rather com- 
plex but it is possible to draw one important con- 
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clusion, namely, that the fractional values of the 
polarizing currents J,, J,, and J, are independent 
of the total load J. This is a particular case of a gen- 
eral theorem and conforms to the experimental ob- 
servation made above. 

To test the equations further values of a8 and 
aw are needed. These can readily be found from the 
equations 
aws 


— + (a + $10) - 


=n(b+I.) (XID 


Qaws 


(I, — + + + rel, (XIV) 


which follow from (V) and (VI) when FE, = E,= E.. 
Using these equations and all of the data in Table 


I except the last set (r; = 4, re = 0.25) one finds 
aB = 0.68 ohm (XV) 
aw = 8.30 ohms cm (XVI) 


The specific conductivity of the electrolyte used 
is about 0.345 ohm=! em ~!. In one em* of mix there 
are 0.487 cm of electrolyte. Hence, the specific con- 
ductivity of the web of electrolyte is approximately 
0.487 X 0.345 = 0.168 or w = 5.95 0hms cm. This 
gives a = 1.39, 8 = 0.498 ohms, r/v = BsA = 10.6 
ohms cm*. 

Since @ is greater than 1, this indicates that the 
region near the carbon rod is one in which the polar- 
izing current is high. The geometry of the cell leads 
directly to the same conclusion. 

Table III gives calculated values for J,, J, and 
I, based on the values of a, 8, and w given above. 

The agreement with the experimental values given 
in Table II is fairly good. 

The negative sign in equation (VIII) leads to the 
curious conclusion that if 7; and r. are chosen cor- 
rectly, it should be possible to reverse the current 
in slab (b); that is a “charging” current should flow 
into slab (b) when a load is put on the cell. For ex- 
ample when r; = 4 and re = 0.25, then the calculated 
current distribution is 


7 
= 80% 
= —5% 
Te = 25% 


Experimental values are given in Table I. There 
is certainly no quantitative agreement with theory, 
but the predicted charging current is observed. 

Any discussion of this paper will appear in a Discussion 


Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Rate of Dissolution of Silver in Aqueous Ceric Sulfate 


Solutions' 


W. Sauzperc, HELEN KNoETGEN, AND ANN M. MOL.ess 


Hunter College, New York, New York 


ABSTRACT 


The dissolution of silver and copper in ceric sulfate is diffusion controlled, in contrast 
to the dissolution in ferrie sulfate solutions, which is desorption controlled. This is 
thought to be due to a greater heat of reaction which supplies sufficient energy for im- 
mediate desorption of ions produced in the course of reaction. 

By analogy with silver, reactions between oxidants and metals with small differences 
in standard oxidation potential should be desorption controlled. Reactions between 
oxidants and metals with large potential differences should be diffusion controlled. 


INTRODUCTION 


The dissolution of a metal in a solution containing 
an oxidant is the result of three consecutive processes. 
These are the transport of oxidant to the surface, 
chemical reaction at the surface, and removal of the 
reaction products from the surface. The slowest of 
these processes will determine the rate. 

When the transport of material is the rate-de- 
termining step, the process is termed ‘diffusion con- 
trol” (1). The generally accepted criteria of diffusion 
3): 

1. Different solids dissolve at nearly the same rate 
in the same reagent under the same conditions. 

2. The speed of stirring has a large effect, the 
exact nature of which depends on the type of stir- 
ring used. The graph of rate versus stirring speed 
does not reach a maximum, but increases continu- 


control are as follows (2, 


ously. 

3. The dissolution rates with a series of reagents 
are proportional to a fractional power of the diffusion 
coefficient (about 0.75). 

4. The dissolution rate is inversely proportional 
to the viscosity, other factors remaining constant. 

5. The temperature coefficients are lower than for 
homogeneous reactions, usually between 1.1 and 1.5 
per ten-degree rise in temperature. 

6. The dissolution rate increases with increasing 
concentration of reagent, the curve being linear. 

7. The previous treatment of the surface has only 
a very minor effect, if any. 

8. All faces of crystals dissolve at the same rate. 

9. Diffusion-controlled rates are generally higher 
than nondiffusion-controlled rates. 

The over-all rate equation for a diffusion-con- 
trolled process may be expressed as dx/dt = KA 

Manuscript received June 13, 1950. This paper prepared 
for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 


(a-x)V, where A is the surface area, in square centi- 
meters, of the metal being dissolved, a is the original 
concentration of oxidant in gram-ions/liter, x is 
either the concentration of product being formed or 
the concentration of reagent that has disappeared 
during the course of the reaction, and V is the vol- 
ume, expressed in liters. K is the specific rate con- 
stant expressed in em ~? min ~! and depends upon the 
temperature, stirring speed, viscosity, and the par- 
ticular materials involved. 

Nondiffusion-controlled reactions have previously 
been referred to as “‘chemically-controlled”’ reactions. 
However, strictly speaking, this should refer only to 
those cases in which the rate-determining step is the 
actual chemical reaction (electron transfer). There is 
as yet no clear-cut case of true chemical control. 

Cases where the slowest or rate-determining step 
is the removal of material from physical contact 
with the surface should be considered to be under 
“desorption control.”’ One clear-cut case of this has 
already been reported (4) and others are being in- 
vestigated. From consideration of the criteria for 
diffusion control and the actual results in the above- 
mentioned case of desorption control, the criteria for 
the latter are as follows: 

1. Different solids dissolve at different speeds in 
same conditions. 

2. The speed of stirring has‘a slight effeet, but not 
as pronounced as in diffusion control. 

3. The dissolution rates should not be dependent 
on the diffusion coefficients of the reagents. 


the same solution, under the 


4. The dissolution rate is independent of viscosity, 
until the solution becomes so viscous that the rate 
of transport is slower than the rate of desorption. 

5. The temperature coefficients are much higher 
than in diffusion control, the value being anywhere 
between 2 and 4 per ten-degree rise in temperature. 

6. The dissolution rate increases with reagent con- 
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centration in a nonlinear fashion, slowly and reaching 
a maximum. 

7. The previous condition of the surface has a 
very marked effect. For example, a polished surface 
gives a higher rate than an unpolished one. 

8. Different crystals dissolve at different rates (5). 

9. Desorption-controlled rates should in general 
be slower than diffusion-controlled rates. 

There has as yet been no development of a gen- 
eral rate equation for desorption control. 

In the previous work on dissolution of metals in 
ferric sulfate solutions (6, 4) it was found that the 
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Fig. 1. Log a/a—x versus time 
ferric ion oxidized a series of metals at diffusion- 
controlled rates. Silver, however, was an exception, 
subject to desorption control. The immediate ex- 
planation was the fact that there were large differ- 
ences in potential between the oxidizing ferric-ferrous 
system and the metal-metal ion system in diffusion- 
controlled cases. For example, in the dissolution of 
copper by ferric ion, the standard oxidation po- 
tential difference is 0.404 volts. In the case of silver, 
the standard potential difference is only 0.050 volts 
and the reaction is desorption controlled. 
Consequently, it was felt that a study of the 
kinetics of the ceric-cerous oxidation of silver, where 
the potential difference is 0.75 volts, would tend to 
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either corroborate or disprove this apparent de- 
pendence of dissolution rate upon oxidation poten- 
tial. The present study was undertaken, therefore, 
to determine the type of control and to attempt to 
correlate reaction rate and oxidation potential. 
The stoichiometric equations for the reactions are 


Ag + Cett+++ — Agt + Cet++ 
and Cu + 2Cet+++ — Cutt + 2Cet+, 


EXPERIMENTAL 


The experimental method was that of rotating a 
metallic cylinder at constant speed and temperature 
in solutions of known concentration, as in the pre- 
vious work on silver dissolution in ferric sulfate (4). 
Rotational speed was controlled by a Variae and 
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Fic. 2. Rate versus peripheral speed 


measured witha flashing neon bulb. Rotational rates 
used were only those in resonance with sixty-cycle 
current. Temperature variations during runs were 
so slight that it was not found necessary to use a 
thermostat. 

The reagents were chemically pure, and 250 em! 
of solution were used for each test. This volume was 
a compromise figure so that sufficient metal would 
dissolve to change the ceric sulfate concentration 
while the cylinder did not suffer excessive loss of 
metal and consequent change in peripheral speed. 
The solutions were made by diluting a stock solu- 
tion 0.215N in ceric ion and 5N in sulfurie acid. 
Sufficient additional acid was put in each solution to 
prevent hydrolysis on dilution. 

Polishing before runs had no discernible effect and, 
therefore, the cylinder was not polished before runs, 
merely being cleaned in acid. 
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RESULTS 

From Fig. 1 it is apparent that both silver and 
copper dissolve at rates first order with respect to 
concentration. For concentrations of ceric sulfate 
between 0.01N and 0.005N, calculations show that 
the constant is the same. Also it is seen that the 
difference between the K of silyer at 0.1N and that 
at 0.01N ceric sulfate is due to the increased vis- 
cosity. The difference in K’s between copper and 
silver is due to the different peripheral speeds. 

On increasing peripheral speeds above a few hun- 
dred revolutions per minute, during which the effect 
of eddy currents on the diffusion layer is quite 


TABLE I. Rate versus temperature, silver cylinder 


Temp Speed Area k’ X 108 K X 108 
meters/sec cm? 
20 2.65 ° 8.89 5.96 1.55 
25 2.71 9.06 7.98 2.02 
25 2.68 9.00 7.29 1.86 
30 2.67. 8.93 9.03 | 2.33 
35 2.66 8.90 | 10.0 2.58 
35 2.66 | 8.90 | 


10.2 | 2.62 


TABLE II. Rate versus viscosity, silver at 25°C, viscosity 
increased by addition of sulfuric acid 


Acid coe a K X 108 | Speed 

cm’ | meters/sec 

6.5 in | ooh | hee 2.68 

15 [1.19] 0.10 2.72 

16.5 | 1.20 | 0.01 1.68 2.66 

31.5 | 1.57 | 0.01 1.41 2.66 
5 1.00 2.65 


46.5 2.02 0.01 


marked, there is a linear increase in rate as shown in 
Fig. 2. The curve, as is normal for diffusion control, 
has no maximum and the values for both silver and 
copper fall on the same curve. It is apparent, there- 
fore, that both silver and copper dissolve at ap- 
proximately the same rate in ceric sulfate, another 
indication of diffusion control. 

As shown in Table I, the rate increases with tem- 
perature at about 40 per cent per ten-degree rise in 
temperature at 25°C. 

The viscosities in Table II are relative to water at 
25°C, as measured with an Ostwald viscometer. 
The value in brackets, that for 15 em* of acid, was 
obtained from a plot of viscosity versus added acid. 

From these results it is evident that the rate varies 
inversely with viscosity as is to be expected from 
diffusion control. These data indicate that the low 
value of K for 0.10N ceric sulfate, in Fig. 1, was 
due to increased viscosity, as mentioned above. 

Fig. 3 shows the comparison of the rates of silver 
oxidation by ceric sulfate with those of silver oxi- 
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dation by ferric sulfate. The latter results were ob- 
tained from the previous work (4). The rates in 
ceric sulfate solution were not measured directly, the 
values being calculated from the constant picked off 
the rate-stirring speed curve at 3.00 meters/sec. 
These rates are only approximate; however, they do 
give a comparison at least semiquantitative. 


5.0 


O SILVEE IN Fe, (SQ), AT 30% 
COPPER IN Fe, (SQ), 
@ SILVER Ce (S04)2 AT15% 


630 

/ 

x 

20 


2.10 
CONCENTRATION OF OXIDATION 


Fig. 3. Rate versus concentration of oxidant, in g-ion/ 
liter. 


It may be seen from Fig. 3 that the rates for 
the ceric ion oxidation are much higher than for the 
ferric ion oxidation, even though the temperature in 
the former case is five degrees lower. The difference 
between the two increases at increased concentra- 
tions as the value for the ferric ion oxidation de- 
viates increasingly from diffusion control. For pur- 
poses of comparison, the value for diffusion control 
in ferric sulfate, as determined with copper metal, is 
included in the graph as the central straight line. 
The fact that the diffusion-controlled values of ceric 
sulfate at 25°C are greater than those for ferric sul- 
fate at 30°C indicates either that the activity co- 
efficient for the former is greater or that the ferric 


= 
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ion forms a complex which is heavier than the ceric 
ion or any of its complexes. 
DiscussION 

The experimental results show the following: 

1. Both silver and copper are oxidized by ceric 
sulfate at rates first order with respect to concentra- 
tion of oxidant. 

2. Both silver and copper dissolve in cerie sulfate 
at substantially the same rate at the same temper- 
ature, concentration, and stirring speed. 

3. For both silver and copper there is a marked 
stirring effect, the curve of rate versus stirring speed 
being linear above the first few hundred revolutions 
per minute. 

t. For silver there is a low temperature coeffi- 
cient, being about 1.4 per ten-degree rise in tempera- 
ture at about 25°C. 

5. The rate of dissolution of silver varies inversely 
with the viscosity of the solution. 

6. The rate of silver dissolution in ceric sulfate is 
much greater than that in ferric sulfate solution, the 
latter being known to be desorption controlled. 

7. The dissolution of silver in ceric sulfate is not 
affected by previous treatment of the silver surface, 
polishing having no discernible effect. 

Seven of the nine criteria for diffusion control 
being satisfied, it is apparent that the dissolution of 
both silver and copper in ceric sulfate is diffusion 
controlled. It is to be regretted that we were unable 
to test the other two criteria, materials and ap- 
paratus being unavailable. 

The results of this investigation would thus tend 
to corroborate the idea that a large difference in 
oxidation potential between the metal and the solu- 
tion facilitates diffusion control, while a small differ- 
ence results in desorption control. 

The explanation of this effect. would seem to be as 
follows. Since the free energy of a reaction, DF, is 
equal to the difference between the heat of reaction 
and the product of temperature and entropy change, 
DH—TDS, and since the entropy increase during 
the reaction is small (about 3 cal mole/degree, 2 cal 
for formation of a mole of silver ions, and about 1 
cal as the entropy of diffusion or mixing) the free 
energy may be taken as being approximately equal 
900 cal. The potential 
difference being a measure of the heat of reaction, 


to the heat of the reaction 


therefore, a low oxidation potential implies a small 
heat of reaction and vice versa. 

Now, as a result of the reaction, a reagent particle, 
having struck a silver atom and oxidized it, has be- 
tween it and the surface a silver ion which is bound 
to the rest of the metal surface by adsorption. The 
heat of reaction is shared between the oxidant and 
the silver ion, increasing the kinetic energy of the for- 
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mer so that it diffuses away almost immediately and 
decreasing the energy needed by the latter for de- 
sorption. Where the heat of reaction is sufficiently 
large, the share picked up by the silver ion is suffi- 
cient to cause immediate desorption, leaving the 
surface free to react. This then is what happens in 
diffusion control. When the heat of reaction is only 
slight, the metal ion does not leave the surface im- 
mediately, but has to be activated by collisions with 
solvent molecules, a relatively slow process. This is 
desorption control. 

This does not imply a direct connection between 
thermodynamics and rate of reaction. A close in- 
spection of the situation shows that the heat of re- 
action only determines the mechanism by which the 
product leaves the surface, not the rate of its leaving. 

It is of interest to digress temporarily and note 
that the above concept offers an explanation of the 
work of Centneszwer and Heller (7) who found that 
increasing the stirring speed in a diffusion-controlled 
reaction resulted in an increased reaction rate no 
matter how high the speed was originally. The curve 
they observed apparently had no maximum. This was 
in contradiction to the idea that increasing stirring 
speed increases the transportation rate and eventu- 
ally results in a transport rate so great that “chemi- 
‘al control’? ensues. The explanation seems to be 
that in the case of diffusion control, the large heat 
of reaction enables the product to leave the surface 
as rapidly as the reagent arrives, so the surface is 
continuously clear and able to react. 

In the previous work on silver in ferric sulfate 
solutions it was found that diffusion control of this 
reaction was exerted in dilute solutions in the ab- 
sence of reaction product. In these cases the emf ex- 
ceeded a value of about 0.10 volt. For this value 
of the emf the heat of reaction can be calculated to 
be approximately 40 cal/mole, which should be equal 
to or greater than the heat of desorption. Unfor- 
tunately, the proportion of the reaction energy 
picked up by the oxidant is not known, so that it is 
not possible to estimate the heat of absorption from 
this data. However, it may be taken as an estimate 
that when the heat of reaction exceeds this value, 
or rather when the potential difference exceeds 0.10 
volt, diffusion control should be exerted. Additional 
work is being done on systems more nearly ap- 
proaching this potential difference which it is hoped 
will be reported shortly. 
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The Society is dedicated to the advancement of the theory and practice of Elec- 
trochemistry and related subjects, as shown in the following divisions: 


Battery Electro-Organic 
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Assistant Secretary. 


President Cuaries L. Fausr 
Past President. . . Atrrep L. FerGuson 
Vice-President M. Hunter 


Secretary...... ....Henry B. Linrorp 


4 
| 
| vi 
af 
4 
# ) 
Ke 
=, 
= 
=| 
ix 
| Officers of the Soci 7 
cers of the Society 
5 


